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FOREWORD 


The  Goddard  Laboratory  fot  Atmospheric  Sciences  (GLAS)  was  established  in  the  Fall  of  1977  at 
the  Goddard  Space  Flight  Center  to  provide  a balanced  program  of  basic  and  applied  research  dedi- 
cated to  advancing  the  understanding  of  the  complete  atmospheric,  hydro^heric,  and  cryoqiheric 
systems.  The  Laboratory  is  an  arm  of  the  Applications  Directorate  of  the  Goddard  Space  Fli^t 
Center  and  its  goals  reflect  those  of  the  NASA  Office  of  Space  and  Terrestrial  Applications,  which 
has  overall  programmatic  responsibility. 

This  is  the  first  edition  of  Collected  Reprints,  presented  here  in  two  volumes,  comprising  material 
published  by  members  of  the  Laboratory  between  January  1 , 1 978  and  December  3 1 , 1979.  Future 
issues  will  cover  just  one  calendar  year.  To  avoid  unnecessary  duplication,  only  the  abstracts  or 
introductions  of  NASA  reports  and  conference  proceedings  are  included. 

During  this  period,  the  Laboratory  consisted  of  the  Modeling  and  Simulation  Facility,  Upper  Atmo- 
sphere Branch.  Troposphere  Branch,  Hydrospheric  Sciences  Branch,  Gimate  and  Radiations  Branch, 
and  Special  Projects  Office. 

The  main  purpose  of  this  publication  is  to  aid  in  communicating  the  research  efforts  of  GLAS  to 
the  scientific  community.  It  is  recognized  that  many  people  will  have  seen  the  papers  as  they 
appeared  in  journals  and  other  publications.  However,  many  researchers,  especially  those  in  sister 
disciplines,  may  not  have  had  ready  access  to  such  publications.  Thus,  it  is  hoped  that  this  coUection 
will  provide  ? welcome  and  ready  reference  not  only  to  our  colleagues  conducting  parallel  research 
in  other  agencies  and  academic  institutions,  but  also  to  those  in  related  areas. 

The  reprints  have  been  grouped  according  to  the  internal  structure  of  the  Laboratory; 

Special  Projects  Office-management  of  special  project  activities,  such  as  the  Global  Atmospheric 
Research  Program  (GARP),  Operational  Satellite  Improvement  Program  (OSIP),  Ozone  Processing 
Team  (OPT),  and  applications  development. 

Modeling  and  Simulation  Facility-develops  general  circulation  models  to  describe  atmospheric  be- 
havior and  simulate  observational  system  capabilities.  Conducts  a research  program  of  computer 
experiments  on  the  application  of  space-borne  data  for  global  weather,  climate,  and  ocean  predict- 
ability studies. 

Upper  Atmosphere  Branch-research  on  the  structure,  composition,  energetics,  and  radiative  p^ope^ 
ties  of  the  troposphere,  stratosphere,  and  mesosphere  and  investigations  of  sun-weat!ier/climate  rela- 
tionships. 

Troposphere  Branch-research  on  storms,  boundary  layer  processes,  and  local,  medium,  and  regioiud 
scale  processes. 


Hydfoapheric  Sciences  Branch-research  related  to  developing  an  improved  understanding  of  space 
and  applications  of  such  to  the  hydrological,  oceanographic,  and  cryo^heric  sciences. 

Qimate  and  Radiations  Branch-empirical  and  theotetical  studies  of  climatic  processes  and  relation- 
ships, steady-state  climate  models,  climate  sensitivity  to  parameter  variations,  earth  radiative  energy 
budget,  and  effects  of  the  atmosphere  on  remote  sensing. 
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The  Data  Systems  Tests:  The  Final  Phase 
James  R.  Greaves 

Laboratory  for  Atmospheric  Sciences,  Goddard  Space  Flight  Center 
Greenbelt,  Md.  20771 


1.  Introduction 

The  United  States  has  conducted  a series  of  Data 
Systems  Tests  (DSTs)  as  a precursor  to  its  participa- 
tion in  FGGE,  the  Global  Weather  E.xperiment.  This 
paper  briefly  describes  the  impact  those  tests  have  had 
on  the  FGGE  observing  system  and  on  the  data  manage- 
ment plans.  In  particular,  the  final  phase  of  the  DST 
programs  is  described,  wherein  a number  of  investiga- 
tors have  been  selected  to  work  with  the  DST  data 
sets  in  research  studies  directed  toward  the  GARP 
objectives.  By  drawing  attention  to  these  investiga- 
tions at  a relatively  early  stage,  we  are  taking  an  im- 
portant first  step  in  providing  feedback  to  the  potential 
FGGE  research  community. 

2.  Th«  Data  Systems  Tests 

One  of  the  important  lessons  learned  from  the  earlier 
GARP  held  experiments  such  as  the  Barbados  Oceano- 
graphic and  Meteorological  Experiment  (BOMEX)  and 
the  GARP  Atlantic  Tropical  Experiment  (GATE)  was 
the  need  for  limited  but  realistic  simulations  prior  to 
attempting  the  larger  experiment.  It  was  in  this  light 
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that  the  concept  of  conducting  a series  of  Data  Systems 
Tests  as  a precursor  to  FGGE  was  developed. 

The  GARP  Project  at  N.ASA  was  charged  with  the 
task  of  implementing  the  DST  tests.  The  approach  was 
to  use  current  operational  satellites,  conventional 
sources  of  meterorological  data,  and  data  from  research 
satellites  to  approximate  the  elements  of  the  proposed 
observing  system  for  FGGE.  The  goal  was  to  provide 
an  early  look  at  potential  problems  associated  with  the 
data  acquisition,  data  management,  and  data  utiliza- 
tion aspects  of  the  Global  Weather  Experiment  itself. 

Beginning  in  late  1973  and  continuing  into  1976, 
NASA,  in  collaboration  with  N’OAA.  N'C.AR.  the  Uni- 
versity of  Wisconsin,  and  others,  conducted  a series  of 
six  Data  Systems  Tests  (Fig.  1).  Of  these,  the  first  four 
were  more  limited  tests  of  individual  subsystems.  The 
final  two  tests.  DST-5  and  -6.  consisted  of  compre- 
hensive tests  of  the  entire  system.  They  were  of  60 
days  duration  each  and  were  conducted  under  summer 
and  winter  conditions,  anticipating  the  two  Special 
Observing  Periods  of  FGGE. 

3.  The  impact  of  the  DSTs 

•As  a result  of  the  DST  experience,  significant  changes 
have  been  made  in  both  the  planned  observing  system 
for  FGGE  and  the  procedures  for  managing  the  data 
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Fis.  1.  During  the  D»u  Syitemi  Tettt,  currently  evsilable  observing  lystemt  were  used  tosimulate 
the  data  to  be  acquired  during  the  Global  Weather  Experiment.  The  Anal  two  DST  periods  were  full 
end-to^md  systems  tests  yielding  comprehensive  sets  of  global  meteorological  data.  It  is  these  data 
sets  that  will  be  used  in  support  of  the  DST  Research  Program. 


flow.  Some  typical  e.xamples  of  these  changes  are  given 
in  the  following  sections. 


a.  Data  acquisition 

1)  The  concept  of  using  a Carrier  Balloon  System 
carrying  deployable  dropsondes  to  obtain  upper- 
level  wind  data  was  thoroughly  evaluated  and 
subsequently  dropped  in  favor  of  the  aircraft 
dropwindsonde  program  and  increased  use  of 
dedicated  ships. 

2)  The  Aircraft  Integrated  Data  System  (AIDS), 
which  provides  automated  reports  from  com- 
mercial aircraft,  was  shown  to  be  a valuable  source 
of  upper-air  data  during  both  C.ATE  and  the 
DSTs. 

3)  In  order  to  provide  flight  level  data  in  near  real 
time,  the  Aircraft  to  Satellite  Data  Relay 
(ASDAR)  system  was  developed  by  N’.ASA  and  is 
currently  being  used  in  the  Global  Weather  E.x- 
perimcnt.  This  system  assembles  the  same  mete- 
orological data  as  .AIDS,  but  the  data  are  trans- 
mitted hourly  via  geosynchronous  satellites  to 
ground  stations,  rather  than  being  stored  in  the 
aircraft  on  upe  cassettes. 

4)  The  performance  of  the  .Vimbus-6  sounding  sys- 
tem during  the  DSTs  gave  added  support  to  the 


decision  to  employ  that  system  on  the  TIROS- N' 
and  KO.A.A-A  satellites  for  FCGE.  The  fact  that 
sounding  retrieval  schemes  had  already  been 
worked  out  for  the  Nimbus  sounder  greatly  ac- 
celerated the  availability  of  the  TIROS-N  data- 
processing  software. 


h.  Data  management 

1)  The  need  for  an  operational  readiness  evaluauon 
of  the  data  flow  prior  to  the  start  of  FGGE  was 
demonstrated.  The  FGGE  data  management  plan, 
which  allowed  a full  year  for  testing  national  and 
international  interfaces  before  the  experiment 
began,  is  based  largely  on  the  experience  gained  in 
processing  the  DST  data. 

2)  The  need  for  a greatly  improved  monitoring  of  the 
observing  and  telecommunications  systems  was 
demonstrated.  As  a result  of  its  DST  experiences, 
the  United  States  has  been  a prime  mover  in 
developing  a World  Weather  Watch  Monitoring 
Plan. 

3)  Early  attempts  to  use  the  DST  data  revealed  a 
number  of  deflciencies  in  the  data  processing  and 
quality  control  procedures  employed  during  the 
experiments.  Because  the  DST  experiments  were 
designed  to  simulate  the  FGGE  environment,  a 


■pccul  tfTort  ii  b«ing  mAde  to  "edit  and  enhance" 
the  U.S.  operational  loundinga  and  cloud  motion 
winds  during  the  Special  Observing  Periods  of 
FCGE.  A joint  N'ASA/NOAA  program  hat  been 
established  to  implement  this  effort-  (Sec  the 
CARP  Topics  article  in  the  January  1979 
BVU.ITIN.; 

4.  The  research  phote 

The  final  two  DST  periods  produced  the  most  com- 
prehensive sett  of  global  meteorological  data  yet  as- 
sembled. In  terms  of  completeness,  they  will  not  be 
surpassed  until  the  FGGE  data  become  available.  A 
number  of  studies  using  these  data  to  determine  the 
impact  of  satellite  soundings  on  weather  forecasting 
have  already  uken  place.  (Halem  et  al.,  1978 ; Oesmarais 
tt  al..  1978;  Miyakoda  « al.,  1977  ; Kelly  « al..  1978; 
and  Miller  and  Hayden,  1978.)  While  there  are  differing 
opiniou  as  to  the  degree  of  the  impact,  it  is  agreed 
that  when  properly  utilized,  the  satellite  sounding  data 
do  have  a benefidat  impact  on  our  weather  forecasting 
ability. 

The  NASA  impact  test  results  (Halem  tt  al.,  1978) 
point  to  two  major  areas,  which,  if  improved,  can  bring 
about  larger  forecast  Impacts  from  satellite  sounder 
systems : 

1)  Technology  must  be  developed  to  improve  the 
accuracy  and  vertical  resolution  of  the  sounder 
temperature  profiles  themselves.  DST  satellite 
soundings  have  rms  errors  of  approximately 
2-2.5*C  when  compared  with  colocated  radio- 
sonde profiles.  While  the  deficiencies  in  the 
quality  of  the  data  can  be  partially  compensated 
for  by  spedal  proceuing  and  assimilation  methods, 
the  need  for  more  accurate  temperature  profiles 
under  ail  conditions  is  still  the  most  important 
requirement. 

2)  Numerical  prediction  models  themselves  must  be 
improved  to  make  better  use  of  the  sounding  data. 
In  order  for  these  asynoptic  data  sources  to  con- 
tribute to  more  accurate  forecasts,  it  is  necessary 
that  the  model  be  able  to  convey  infonnatioa  ac- 
curately over  extended  disunces  and  periods  of 
time  from  one  region  of  the  globe  to  another.  Im- 
provements in  model  forecasts  can  only  proceed 
by  a judicious  combination  of  higher  grid  resolu- 
tions, more  accurate  numerical  integration 
methods,  and  better  representations  of  atmo- 
spheric processes. 

As  the  final  phase  in  the  DST  program,  a series  of 
research  studies  utilizing  the  DST  data  sets  and  focused 
on  the  problem  areas  outlined  above  has  recently  been 
initiated.  Brief  summaries  of  the  selected  DST  in- 
vestigations are  listed  below  u a first  step  in  providing 
feedback  from  these  studies  to  the  FGGE  research 
community. 


1)  SaUUitt  Data  Astimilation  tn  Sumtrital  Fortcatt 
iiodtls.  The  Principal  Investigator  it  Yothi  K. 
Sasaki  of  the  University  of  Oklahoma. 

The  objective  it  to  develop  new  statistical 
analysis  techniques  for  combining  utellite  data 
with  conventional  data  to  improve  numerical 
analyses  and  forecasts.  A barotropic  "noise 
freezing"  methodology  (a  technique  to  reduce 
the  phase  speed  of  gravity  waves  without  retorting 
to  damaging  dissipative  devices)  will  be  adapted 
to  baroclinic  models.  The  impact  of  baroclinic 
noise  freezing  will  be  tested  using  the  UCLA 
general  circulation  model,  and  generalized  opti- 
mum interpolation  techniques  to  accommodate 
the  special  characteristics  of  satellite  data  will  be 
developed. 

2)  Rttolution  Studits  and  Entrgy  DiagnotHet  of 
Global  Data  StU.  The  Principal  Investigators  are 
Donald  R.  Johnson  and  Robert  G.  Gallimore.  Jr. 
of  the  University  of  WlKonsin. 

The  objective  is  to  assess  the  need  for.  and 
impact  of.  DST  nonconventional  data  (including 
satellite  information)  in  data-sparse  regions 
through  the  use  of  diagnostics  of  available  poten- 
tial energy.  An  evaluation  of  the  impact  of  higher 
resolution  data  will  be  made  by  comparing  energy 
statistics  computed  from  conventional  and  aug- 
mented DST  data  seu.  An  assessment  will  be 
mtde  regarding  the  sensitivity  of  the  Goddard 
Laboratory  for  .Atmospheric  Sciences  General  Cir- 
culation Model  (GL.AS  CCM)  to  the  augmented 
DST  data. 

3)  A Study  On  Tht  Mtttorological  Signifioanc*  of 
Cloud  Tracktd  Winds  During  DST-5  and  DST-d. 
The  Principal  Investigator  is  Verner  E.  Suomi  of 
the  University  of  Wisconsin. 

The  objective  is  to  study  the  limitations  of 
cloud  wind  data  in  terms  of  accuracy,  data 
sampling,  and  data  density,  and  how  these  factors 
relate  to  the  meteorological  significance  of  the 
data  sets.  Comparisons  will  be  made  between  the 
NO.AA/XMC  and  NASA/GL.AS  Level  III  wind 
fields  and  the  Level  II  srind  fields  produced  by 
Wlsconsiii,  NOAA/NESS,  aircraft  data,  and 
radiosondes.  Studies  will  be  performed  on  the 
represenution  of  synoptic  scale  features  (such  as 
fronts,  jets,  waves,  cyclone  centers,  etc.)  by  both 
the  Level  III  analyses  and  the  Level  II  data. 

4)  Global  Atmotpktric  Rtstarch  Program — Applica- 
tion of  Global  Data  Sets.  Tb*  Principal  Investigator 
is  Takio  Murakami  of  tne  University  of  Hawaii. 

The  objective  is  to  use  DST-5  and  -d  Level  III 
data  sets  for  studies  of  regional  ener|;etics  of  the 
Asiatic  summer  and  winter  monsoon  circulations, 
and  of  wave-wave  and  wave-zonal  mean  flow  inter- 
actions for  sunding  and  transient  waves.  The 
validity  of  the  prelim-nary  results  obtained  from 
recent  studies  of  regional  energetics  and  mean  fiow 
interactions  will  be  tested  using  the  superior  DST 
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dau  MU.  Whcrt  poMiblc,  the  rcmrch  will  be 
extended  to  additional  problem  area*  that  could 
not  be  inveatigated  in  the  earlier  work  due  to 
limitadone  of  the  available  dau. 

5)  Evaluation  of  CARP  Ln*l  111  Data  SitjJor  DST^S 
and  DST-6.  The  Principal  Investigator  ie  James 
C.  Sadler  of  the  University  of  Hawaii. 

The  objective  is  to  evaluate  the  quality  of 
OST-5  and  DST-6  Level  III  dau  mu  for  the 
global  tropiu  and  to  provide  a common  sundard 
for  comparing  NOAA/N'MC  and  NASA/GLAS 
analysis  and  forecasting  schemes.  Subjective 
kinematic  analysis  techniques  will  be  used  to 
generate  subjective  Level  III  analyses  at  two 
levels.  The  major  differences  between  the  objec- 
tively and  subjectively  gridded  analyses  will  be 
discussed,  including  their  causes  and  avail.' ble  or 
anticipated  remedies. 

6)  A Study  of  Octanie  and  Atmotphorie  Forein f Usini 
GARP  DSTs.  The  Principal  Investigators  are 
Eric  B.  Kraus  and  Marvin  A.  Geller  of  the  Uni- 
venity  of  Miami. 

The  objectives  are  to  study  the  nature  of  the 
variability  of  ocean  forcing  and  to  investigate  the 
geographic  distribution  of  tropospheric  diabetic 
heating  and  iu  component  parts  of  net  udiational 
heating,  Mnsible  heat  flux,  and  latent  heat  flux. 
The  Level  III  surface  dau  seu  will  be  used  to 
compute  6 h and  12  h grid  values  of  ocean  forcing 
panmeters  in  order  to  determine  the  error  in- 
troduced by  the  expression  of  theM  parameters  in 
terras  of  avenges  of  bulk  variables.  Level  II  data 
and  existing  panmeteriution  formula  will  be 
used  to  determine  the  component  paru  of  diabatic 
heating. 

7)  An  Improved  Nimbus-6  Sounding  Data  Set  For 
Experiments  With  Numerical  Forecast  Models.  The 
Principal  Investigaton  are  William  L.  Smith  of 
NOAA/NESS  and  Verner  E.  Suomi  of  the  Uni- 
versity of  Wisconsin. 

The  objective  is  to  produce  a high  quality 
sounding  dau  Mt  from  N’imbus-6  High  Resolu- 
tion Infnred  Spectrometer  (HIRS)  and  Scanning 
Microwave  Spectrometer  (SCAMS)  ndiance  dau, 
which  possesses  the  highest  achievable  spatial 
resolution.  The  Nirabus-6  data  will  be  reprocessed 
in  a man-machine  interactive  manner  using  the 
McIDAS  system  at  the  University  of  Wisconsin. 

8)  Linear  and  Nonlinear  Interactions  of  the  Large- 
Scale  Atmospheric  Wases-  The  Prindpal  Investiga- 
tor is  S.  K.  Kao  of  the  University  of  Uuh. 

The  objective  is  to  investigate  how  the  kinetic 
and  available  potential  energies  are  transferred. 


converted,  and  dissipated  in  large-scale  atmo- 
spheric waves  of  different  characteristics,  including 
the  linear  and  nonlinear  contributions  to  the  gen- 
eration and  maintenance  of  such  waves.  The 
power-  and  crou-spectra  of  meteorological  quanti- 
ties will  be  computed  in  the  wave  number-fre- 
quency domain  and  the  kinetics  and  thermal 
energies  associated  with  atmospheric  waves  of 
various  wavelengths  moving  at  various  phaM 
velocities  will  be  analysed. 

9)  The  Effect  of  Global  Data  Sets  on  Predictability 
Degradation  ta  the  Southern  Hemisphere.  The 
Principal  Investigator  it  I.  M.  Navon  of  the 
Council  for  Scientific  and  Industrial  Research, 
Pretoria,  South  Africa. 

The  objective  is  to  use  DST  dau  to  test  the 
hypothesis  that  an  expanded  southern  hemisphere 
dau  baM  will  lead  to  substantial  improvements  in 
forecasu.  A Mries  of  4-day  forecasu  will  be  gen- 
erated with  and  without  the  DST  daU  mu  using 
an  e.xitting  Primitive  Equations  (PE)  hemispheric 
model. 

5.  Conclusion 

It  it  hoped  that  the  investigations  outlined  above  will 
urve  as  a precursor  to  the  reraarch  phase  of  FGGE  in 
the  ume  way  that  the  dau  acquisition  and  data  manage- 
ment aspecu  of  the  DSTs  have  had  a significant  impact 
on  their  FGGE  counterparu.  They  should  provide  an 
early  opportunity  for  potential  FGGE  researchers  to 
address  problems  related  to  the  G.ARP  objectives  and 
thereby  accelerate  the  payoff  to  be  derived  from  FGGE 
iuelf. 
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the  problem  steins  from  the  existence  of  a number  of 
deheiencies  in  the  proceuing  and  quality  control  pro- 
cedures employed  during  the  DST  experiments.  Con- 
tributing to  these  deficiencies  was  the  faa  that  certain 
of  the  key  data  sett  were  produced  in  an  isolated  en- 
vironment. That  is.  no  ancillary  data  were  used  to 
quality  check  or  guide  the  derivation  of  the  final  product. 
This  was  particularly  true  of  the  high  density  cloud 
motion  winds  and  the  research  utcllite  soundings.  In 
the  case  of  the  winds,  the  tingle  most  important  defi- 
ciency was  in  the  accuracy  of  the  auigned  cloud  heigha. 
Little  effort  was  made  to  adjust  the  cloud  motion  heights 
using  ancillary  dau  such  as  utellite  temperature  sound- 
ings or  forecast  wind  fields.  .An  added  difficulty  in  the 
case  of  the  sounding  data  was  that  they  were  horiaontally 
averaged  to  u to  be  more  compatible  svith  the  CARP 
grid  site.  This,  together  with  the  inherent  lack  of  veni- 


I.  Introduction 

Beginning  in  late  1973  and  continuing  into  1976,  NASA, 
in  collaboration  with  NOAA,  conducted  a series  of  Dau 
Systems  Tesu  (DST),  which  were  intended  to  be  a 
precursor  to  U.S.  panicipation  in  FCCE — The  Global 
Weather  Experiment  These  tests  proved  to  be  ex- 
tremely useful  in  evaluating  the  suiubility  of  the  pro- 
jected FGGE  observing  systems,  the  data  processing  and 
distribution  facilities,  and  our  ability  to  use  the  re- 
sulunt  data  in  analysis  and  forecast  models.  The  final 
two  tesu  of  the  DST  uries  produced  the  most  complete 
seu  of  global  meteorological  dau  ever  assembled. 

Early  attempts  by  the  modeling  community  to  use 
the  DST  dau  in  achieving  improved  numerical  forecasu 
were  diuppointing.  We  have  since  learned  that  part  of 
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cal  molution  uiellite  loundingt,  contributed  to  the 
tendency  of  the  analytes  based  on  satellite  sounding 
data  to  exhibit  too  little  variance  in  the  thermal  structure 
of  the  atmosphere.  This  led  in  turn  to  an  underestima- 
tion of  the  amplitudes  of  weather  systems. 

As  they  were  originally  Mt  up,  the  DST  experimenu 
were  designed  to  simulate  the  dau  acquisition  and  pro- 
ceuing  environment  of  the  Global  Weather  Experiment. 
Unfortunately,  by  the  time  the  deficiencies  in  the  dau 
processing  and  quality  control  procedures  were  brought 
to  light,  it  was  too  late  to  substantially  alter  existing 
plans  for  the  operational  processing  of  Mtellite  dau 
during  FCCE.  Thus,  it  became  clear  that  FCCE  itself 
would  suffer  from  the  same  deficiencies  unless  some  sort 
of  special  effort  was  made  to  circumvent  these  difficulties. 

In  January  1978,  a panel  of  experts  on  quality  control 
for  FCCE  recommended  that  a special  effort  be  made 
to  "enhance  and  edit"  the  satellite  soundings  and  cloud 
motion  winds.  The  panel,  which  consisted  of  both  data 
producers  and  dau  users,  suted  that  such  an  effort 
would  be  crucial  for  achieving  the  full  impact  of  these 
observing  systems.  The  panel  recommended  that  an  ex- 
tensive effort  be  made  to  improve  the  cloud  height 
determination,  that  the  sounding  data  be  processed  with 
the  highest  possible  horisonul  resolution  (particularly 
in  meteorologically  active  area'),  that  dau  gap  be  filled 
where  possible,  and  that  quality  indicaton  be  provided 
with  the  final  dau  Kts. 

2.  System  DeKription 

In  February  1978,  represenutives  of  NASA,  NOAA,  and 
the  University  of  Wisconsin  met  at  NASA's  Goddard 


Space  Flight  Center  to  diKuss  the  planning  and  imple- 
menution  of  the  recommended  special  effort.  A one-pass 
system  was  decided  upon,  wherein  the  initial  editing 
and  selection  of  areas  for  data  enhancement  would  be 
conducted  by  the  SOA.K  National  Meteorological  Cen- 
ter (NMC).  the  sounding  and  wind  enhancement  would 
be  arried  out  under  the  direction  of  the  CARP  Project 
at  Goddard,  and  the  final  editing  and  quality  assess- 
ment of  the  enhanced  dau  by  NOAA/NNfC. 

A diagram  outlining  the  proposed  implementation 
plan  is  presented  in  Fig.  I.  Nfan-compu.'.  Interactive 
Dau  Access  System  (MclDAS)  terminals  developed  by 
the  University  of  Wisconsin  will  be  uKd  both  for  edit- 
ing operrtions  at  NOAA/NMC  and  for  dau  enhance- 
ment at  NASA/Coddard.  (MclDAS  is  a highly  sophisti- 
cated hardware/iofiware  system  developed  for  accessing, 
processing,  and  displaying  data  from  high  volume  dau 
sources  such  as  meteorological  Mtelli:<.‘  i laging  systeuts.) 
The  MclDAS  operating  system  and  applications  software 
will  be  install^  in  the  Amdahl  computer  system  at 
Goddard'*  Laboratory  for  Atmospheric  Sciences.  The 
Goddard  terminal  will  be  colocated  with  the  computer. 
The  NMC  terminal  will  be  tied  via  land  line  to  the 
Amdahl  computer  for  direct  access  to  the  FGGE  dau 
sets.  A third  terminal  will  be  available  at  the  University 
of  Wisconsin  for  software  development  and  system 
maintenance. 

The  appropriate  FGGE  dau  secs  will  be  acquired  from 
NOAA  and  other  sources.  After  the  editing  and  en- 
hancement procedures  have  been  completed,  the  re- 
sultant dau  producu  will  be  forwarded  to  the  World 
Dau  Centers  and  to  the  FGGE  Level  Illb  analysis 


Fk.  1.  Oiagrsm  of  propossd  iaapiemesutioa  plan  for  special  effort  to  provide  improved  sounding 
and  doud-mocion  wind  dau  tor  FCCE. 
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centen  u a luppletnent  to  the  official  FCC£  dau  aeu. 
(Level  Illb  dau  are  the  final  grid  point  analyiea  to  be 
generated  on  a delayed  baiis  from  the  lull  FGGE  dau 
ten.  There  are  two  official  Level  Iltb  producen:  NOAA’i 
Ceophyiical  Fluid  Dynamict  Laboratory  and  the  Euro* 
pean  Center  for  Medium  Range  Weather  Forecaiu.) 

The  development  of  a man-interactive  capability  on 
the  Amdahl  at  Goddard,  inaullation  of  a McIDAS 
terminal  at  NMC,  and  the  provision  of  training  to  NASA 
and  NOA.A  Kientitu  participating  in  the  special  eilon 
will  be  the  responsibility  of  the  University  of  Wisconsin. 
The  development  of  software  and  techniques  to  ingest 
the  FGGE  dau.  display  them,  edit  erroneous  dau,  and 
select  meteorologically  active  regions  or  regions  with 
dau  deficiencies  will  be  the  responsibility  of  both 
NOAA/NMC  and  NASA/Goddard. 

3.  Implementation 

The  special  effort  will  be  conducted  only  for  the  two 
Special  Observing  Periods  of  FGGE  (January/February 
1979  and  ,\fay/June  1979).  lu  primary  objective  will  be 
the  production  of  edited,  enhanced,  and  high  quality 
sounding  and  cloud  motion  wind  seu.  Neither  the  edit- 
ing nor  the  enhancement  efforts  will  be  compromised  in 
quality  in  the  ititerest  of  satisfying  particular  time  con- 
strainu.  although  every  effort  will  be  made  to  have  the 
data  available  in  time  for  use  by  the  Level  Illb  analytis 
centers  (nominally  six  months  after  dau  acquisition). 

While  a review  of  potential  dau  problems  will  begin 
much  earlier,  the  formal  editing  task  will  not  begin  un- 
til at  least  three  months  after  the  dau  observation  date 
so  as  to  allow  the  use  of  as  broad  a dau  base  as  pos- 
sible. Dau  input  will  include  the  following; 

1)  global  operational  dau  received  by  NOAA/NMC 
(includes  non-lT.S.  utellite  and  conventional  dau); 

2)  operational  utellite  sounding  and  wind  dau  seu 
generated  by  the  NOAA  National  Environmenul 
Satellite  Service  (NESS) 

3)  Wisconsin  wind  dau  at  the  FGGE  scale  from  the 
Indian  Ocean  utellite; 

4)  WUconsin  tropical  mesoscale  wind  dau  from  all 
three  US.  geostationary  utellites; 

5)  special  aircraft  dropwindsonde  dau; 

6)  commercial  aircraft  dau. 

The  dau  and  derived  producu  will  be  displayed  via 
a McIDAS  terminal  to  an  experienced  meteorologiu  at 
NMC  for  subjective  evaluation.  The  dau  will  be  evalu- 
ated on  the  basis  of  synoptic  reasonableness,  vertical, 
horizonul.  and  temporal  consistency,  and  consistency 
with  other  data  (e.g.,  utellite  dau  with  nonutellite 
dau.  utellite  winds  with  utellite  soundings,  etc.).  Pri- 
mary e.'nphasis  will  be  placed  on  the  soundings  and 
cloud  motiun  winds  obuined  from  US.  utellite  systems. 
Quality  flags  will  be  assigned  to  the  reviewed  dau.  Theu 
quality  indicators  will  be  supplied  in  addition  to  those 
already  proyided  by  the  dau  producer.  None  of  the 
original  dau  will  be  changed  or  discarded,  only  graded 


at  to  quality.  At,  attempt  will  be  made  to  document  the 
reasons  behind  any  particularly  high  or  low  quality 
attetsmenu.  Regions  of  special  interest  such  at  meu- 
orologically  active  areas,  data  voids,  and  areas  of  ques- 
tionable data  quality  will  be  identified  as  areu  where 
enhancement  efforu  should  be  concentrated. 

The  sounding  data  enhancement  proceu  at  Goddard 
will  consist  of  supplementing  the  opentional  utellite 
sounding  dau  set  with  higher  resolution  soundings  in 
meteorologically  active  regions,  and  with  new  soundings 
ill  dau  voids  or  areas  of  questionable  quality.  Upon 
selection  of  the  regions  of  interest,  the  operator  will 
acceu,  via  the  McIDAS  terminal,  the  raw  ndi?nce  dau 
for  use  in  producing  new  high  resolution  sound<ngt. 
These  new  scjndings  will  be  generated  using  new  re- 
trieval Khemes  developed  by  NOAA/NESS  in  c**  *jui:c- 
tion  with  man-interactive  processing  techniq'  i 

The  cloud  motion  wind  enhancement  j > Will 
consist  of  the  rederivation  of  cloud  heights  c - sect 
areas  using  new  techniques  developed  by  NEi:  .he 

University  of  Wisconsin  that  make  use  of  sounding  radi- 
ance dau.  In  areas  of  significant  data  voids,  it  may  be 
pouible  (or  Wisconsin  to  generate  additional  winds  at 
some  prescribed  density.  For  both  winds  and  souadings, 
the  enhanced  data  sets  will  be  identified  as  such,  ap- 
pended to  the  original  operational  products,  and  turned 
over  to  NMC  (or  final  editing. 

.At  NMC  a synoptician  will  then  evaluate  theu  new 
data  and  auign  coded  quality  indicators  that  will  de- 
Kribe  the  validity  of  various  observations.  In  addition, 
N.MC  will  gather  information  on  the  basic  characteristics 
and  systematic  errors  of  the  dau.  together  with  descrip- 
tions of  the  nature  and  possible  source  of  the  errors. 
.After  this  last  editing  step,  the  final  dau  package,  in- 
cluding the  edited  and  enhanced  soundings  and  cloud 
motion  winds  as  well  as  the  edited  portions  of  the  origi- 
nal operational  products,  will  be  forwarded  by  NASA  to 
the  World  Data  Centers  and  to  the  FGGE  Level  Illb 
centers. 

4.  Summory  and  Conclusion 

The  United  States  pre-FGGE  experiment  known  at  the 
Dau  Systems  Tests  clearly  indicated  a need  for  a special 
effort  to  edit  dau  and  enhance  the  quality  of  utellite 
soundings  and  cloud  motion  winds  during  FGGE.  A 
panel  of  experu  on  FGGE  quality  control  hat  proposed 
that  the  U.S.  make  a special  effort  to  edit  and  enhance 
the  utellite  soundings  and  cloud  motion  winds  obuined 
during  the  Global  Weather  Experiment.  In  response  to 
that  request,  a formal  program  to  carry  out  the  editing 
and  enhancement  tasks  hat  been  etublithed  jointly  by 
NASA.  NOAA.  and  the  University  of  Wisconsin.  This 
program  will  be  funded  by  the  GARP  Project  at  NAS.A 
and  by  the  U.S.  FGGE  Projea  Office.  The  CARP  Project 
at  .NASA  will  have  the  overall  responsibility  (or  the  suc- 
cessful completion  of  the  special  effort. 

In  its  original  propoul  that  a special  effort  (or  editing 
and  dau  enhancement  be  underuken.  the  panel  of  ex- 
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peru  on  quality  control  went  on  record  stating  that 
. . this  effort  ia  crucial  (or  achieving  full  impact  oi 
nonconventional  observing  systems.”  In  ac  ition  to 
greatl”  improving  the  value  of  the  space-based  data,  a 
signi.,cant  added  benefit  will  be  that  in  the  proceu  of 
equipping  and  training  groups  in  both  NASA  and 
NOAA  to  accomplish  this  usk,  an  enormous  amount  of 
highly  UMful  technological  transfer  will  occur  from  the 


research  community  to  the  key  user  groups.  The  special 
effort  represenu  an  opportunity  to  take  a significant  step 
forward  in  improving  the  usefulneu  of  satellite  data  in 
ni"^erical  weather  prediction.  For  the  first  t'me  the  con- 
cepu  of  enhanctJ  resolution  in  areas  of  gr  ster  mete- 
orological interest,  man/machine  interactive  processing, 
and  internal  data  consistency  (data  source  to  data  source) 
will  be  simultaneously  brought  into  play.  • 
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n.  MODELING  AND  SIMULATION  FAaLITY 


NASA  Conference  Publication  2076  - Fourth  NASA  Weather  and  Climate  Program  Science  Review, 
January  24-25,  1979,  NASA/GSFC,  Gieenbelt,  MD. 

PHMrNo.25 

CASE  STUDIES  OF  MAJOR  DST-S  SOUNDING  IMPACTS  WITH  THE 
GLAS  MODEL 

R.  Atlas,  Goddard  Space  Flight  Canter,  Greenbelt,  Maryland 


ABSTRACT 

Ttx)  case  studies  of  067^6  sounding  inpacts  are  pre- 
sented. In  each  of  these  cases,  najor  iiqpKOvenents 
to  the  GIAS  model’s  forecasts  of  specific  synoptic 
features  resulted  from  including  satellite-soizvling 
data  in  the  initial  analysis. 


PRtrpniNG  PAGE  PI  ANK  NOT  FH  MED 
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Paper  4 


NASA  Technical  Monorandum  80S91  November  1979 


A Coaparlaon  of  GLAS  SAT  and  NMC  High  Resolution 
NOSAT  Forecasts  from  19  and  11  February  1976 

Robert  Atlas 


Abstract  This  report  presents  the  results  of  a subjective  comparison 
of  GLAS  and  NMC  high  resolution  model  forecasts.  Two  cases  where  NMC's 
operational  model  in  1976,  had  serious  difficulties  in  forecasting  for  the 
United  States  have  been  examined:  the  72  hour  forecasts  from  0000  GMT  19  and 

11  February  1976.  For  each  of  these  cases  the  GLAS  model  forecasts  from 
initial  conditions  which  included  satellite  sounding  data  were  compared 
directly  to  the  NMC  higher  resolution  model  forecasts,  from  initial  conditions 
which  excluded  the  satellite  data.  The  comparison  showed  that  the  GLAS  SAT 
forecasts  significantly  improved  upon  the  current  NMC  operational  model's 
predictions  in  both  cases. 
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Reprinted  from  tb  ' Fourth  Conference  on  Numerical  Weather  Prediction,  October  29  - November  1 , 
1979,  Silver  Spring,  MD. 


SUBJECTIVE  EVALUATION  OP  THE  COHBINtO  INFLUENCE  OF  SATELLITE  TEMPERATUBE  SOUNDING  DATA 
AND  INCREASED  MODEL  RESOLUTION  ON  NUMERICAL  WEATHER  FORECASTING 


1.  INTRODUCTION 


R.  AtlA«,  N.  Hal«a.  N.  GhtI* 

NASA/Coad«r4  SpAca  Pllthc  Cantar 
Craanbalc,  Maryland 

* and  Couranc  Inaeltuta  of  Machasatlcal  Sctancaa 
Maw  York.  Naw  York 


Slnca  Cha  Incroductlon  of  tatalllea  dartvad 
taaparatura  toundlngt  into  cha  oparatlonal 
daca  baia  In  1972,  a nuabar  of  axparlaanea 
have  baan  conduccad  [Acklna  and  Jonat,  197 S; 
Oaaaarala  ac  al.,  1978;  Druyan  at  al..  1978; 

Chll  ac  al..  I^y9a,  b]  to  .laaaaa  chair  Influ- 
anca  on  nuaarlcal  waachar  foracaaclng. 

Objaettva  aaaaurat  of  foracaac  accuracy  have 
sarvad  aa  Cha  prlaary  Cool  for  avaluaclni 
cha  pradlcctva  lapacc  of  Cha  aacalllca 
sounding  daca  axpartaancs,  along  with  soaa 
subjacclva  avaluaclons  by  waachar  foracascars. 
The  ttaclscical  Mssuras  hava  ganarally 
sho«m  atchar  nagltgtbla  or  saall  banaftclal 
lapse tt  whan  avaraged  ovar  aany  casas  and 
conclnancal  regions.  Evan  whan  specific 
forecasts  show  substantial  staclsclcal 
lapaecs,  subsaquanc  subjecclva  avaluaclons 
have  shown  Cha  laprovaaancs  co  be  of  aarglnsl 
value  for  foracascars.  A principal  reason 
asy  have  baan  the  fact  chat  chase  scatlsclcal 
laprovaaancs  occur  In  the  ^8  co  72  hour 
foracsst  range  whan  cha  aodal  forecast 
accuracies  hava  chaasalvea  dacarloracad. 

Thus,  cna  question  arises  vhachar  sacalllca 
sounding  data  might  hava  greater  Influence, 
beneficial  or  otherwise.  If  NWF  aodals  had 
greater  forecast  skill.  Recant  studies  by 
Robert  [1976],  Williamson  [1978],  (^tirlt  and 
Atlas  [1977]  hava  shc-Ti  that  forecast  accuracy 
Is  ganarally  Inprovsd  with  Incmisad  aodnl 
resolution.  Our  study  hare  will  report  on  the 
subjective  coaparlsons  of  taaparatura  sounding 
data  Impacts  for  modsls  with  two  dlffaranc  grid 
rasolutlons,  a coarse  (400  ka^)  and  finer 
(280  ka^)  rasolucion. 

Atkins  and  Jonas  [197S]  aada  a datallad 
subjecclva  avaluatlon  of  cha  lapacc  of  Sacalllca 
Infrared  Speccrooecar  (SIRS)  sounding  data  on 
the  nuaarlcal  prediction  of  saa-laval  pressure 
and  500  ab  heights  for  cha  period  froa 
9-lS  March  1974.  Their  evaluation  ravaslad 
chat  no  significant  Impacts  occurred,  however, 
slight  laprovaaancs  dua  co  the  Inclusion  of 
SIRS  daca  wars  noted.  Their  sssassaant  was 
parforsMd  by  coaparlng  prognostic  charts 
ganaracad  froa  Initial  conditions  which 
Included  sacslllca  sounding  data  (rafarrsd 


co  as  SAT)  with  chose  ganaracad  from  Initial 
conditions  which  excluded  sacalllca  sounding 
data  (referred  to  as  NOSAT),  and  with  the 
corresponding  analyses  for  verification. 

Caaas  of  significant  Impact  ware  doflnad  by 
Atkins  and  Jonas  aa  those  In  which  dlffaranc 
local  waachar  forecasts  would  have  resulted 
froa  use  of  cha  SAT  prognoses. 

In  the  aora  recant  Daca  Syatams  Tests  (DST) 
conducted  by  cha  U.S.  National  Aeronautics 
and  Space  Adalnlscratlon  (N’aSa)  and  tha 
National  Oceanic  and  Atoospharlc  Adalnlscratlon 
(NO^A)  In  preparation  for  cha  Global  Weather 
Cxparloant,  subjective  coaparlsons  of  SAT 
and  NOSAT  prognostic  charts  wars  made  as  part 
of  tha  total  evaluation  of  sounding  data 
Impact.  Ghll  at  al.  [1979a]  utilised  cha 
Goddard  Laboratory  for  Atmospheric  Sclancas 
(GLAS)  ganarsl  circulation  modal  [Sonarvllla 
at  al..  1974;  Stone  at  al..  1974)  with  a 
Korlxoncal  rasolucion  of  4*  latitude  by  5* 
longitude  co  cast  different  methods  for  cha 
claa  continuous  assimilation  of. cha  High 
Rasolucion  Infrared  Spaccromecar  (HIRS)  and 
Scanning  Nlcrowava  Spacciomatar  (SCAMS)  data 
froa  Nimbus  6 and  Vertical  Taaparatura  Profile 
Radloaatar  (VTFR)  data  from  NOAA  4.  Their 
evaluation  for  eleven  SAT  and  NOSAT  forecasts, 
ganer'Cad  during  cha  February  1976  DST  period 
showed  chat:  (1)  sacalllta-darlved  taaparatura 

data  had  a tiodesc,  but  statlsrically  significant 
positive  lapacc  on  nuaarlcal  weathar  forecasts, 
as  verified  over  tha  continents  of  cha  Northern 

Haolsphaia;  (11)  cha  Impact  of  a cwo-sacelllta 
•ystea  was  about  twice  as  large  as  chat  of 
one  satellite;  (111)  the  magnitude  of  cha 
lapacc  dapandad  upon  cha  method  of  sacalllca 
data  assimilation. 

Daaaarals  ac  al.  [1978],  ualng  tha  National 
Meteorological  Canter  (NMC)  six  level  primi- 
tive aquation  modal  [Shuaan  and  Hovarmale, 

1968],  found  a smallar  beneficial  Influence 
of  sacalllca  sounding  daca  chan  what  was 
obtained  by  Chll  at  al. . [1979a].  They 
argued  that  the  difference  between  tha  GLAS 
and  NMC  results  might  be  due  to  cha  poorer 
forecast  skill  of  chm  GLAS  mods.',  and  analysis 
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•ytcm,  eh«r«b]r  «Uo«ita|  (or  tho  utalllto 
4«ta  to  hovo  • grootor  potltlvo  tapoec  oa  tha 
(oracaat. 

* rapacietaa  of  tha  (oracaat  aaparlMata  (or 
tho  Fabruary  1976  OST  parlod,  ualag  tha  GLAS 
BAdal  with  an  Incroaaad  horltoatal  raaolutton 
of  2<S*  latltuda  by  3*  loagttuda  (Chil  at  al»« 
1979b]  hava  ahown  a aubatantlal  laprovoMat 
In  tha  (oracaat  aklll  of  tha  aodal.  Objaettaa 
aaaauraa  of  (oracaat  accuracy  of  eoarta  an4 
high  raaolutton  SAT  an4  HO SAT  prognoaaa 
In41cata4  that  both  tha  lncraaaa4  raaolutton 
ao4  tha  aoun4tng  4ata  aaatatlatton  taprova4 
tha  (oracaat  accuracy. 

In  thia  papa;  wa  praaant  our  aubjoettaa 
avaluattsn  of  tha  tnduanca  of  aatalltta 
aoun4tng  4ata  on  tha  htgh  raaolutton  CLAS 
■o4al  f^racuata.  Thta  aaaluatlon  wan  con- 
carnc4  uith  (1)  tha  atgntftcanea  of  prognoattc 
4t(raraa4ao  raaulttng  froa  tha  tncluaton  of 
aatalltta  4artva4  taaparatura  aoundlnga. 

(2)  whathar  tha  4t(forancoa  wora  banaftctal, 

(3)  tita  4ynaatca  of  foracaactng  tapact, 
l.a.,  how  apactftc  4t(faroncaa  batwaan  tha 
SAT  an4  NOSAT  prognoaaa  aaolva4,  an4 

(A)  coapartaon  of  thta  axpartaant  with  thoaa 
pravioualy  raport*4  for  tha  A*  latttu4a  by  3* 
longttuda  varaton  of  tho  CLAS  aM4al. 


2.  SUSJECTIVE  EVALUATION 

Tha  aubjacttva  avaluatton  waa  parforaa4  by 
coapartng  tha  prognoattc  charta  gaaarata4 
(roa  SAT  an4  NOSAT  tnlttal  coa4tcCtona  wtth 
aach  othar  ao4  wtth  tha  corraapon4tng  NNC 
analyaaa  for  vartftcatton.  Thta  conatata4 
of  aubjacttvaly  analyatng  a vartaty  of  prog- 
noattc (tol4a  ovary  12  houra,  for  alovan 
41f(arant  foracaata  froa  tha  SAT  an4  NOSAT 
cyclaa  froa  tha  Fabruary  1976  OST  parto4. 

Tablaa  1 an4  2 praaant  tha  conaanaua  of  thraa 
axpartanca4  (oracaatara  tn  thatr  aubjaettva 
aaaaaaaant  of  tha  prognoattc  charta.  Durtng 
tha  avaluatton,  tho  foracaatora’  ha4  no  know- 
la4ga  of  which  prognoattc  charta  wato  aada 
froa  SAT  or  NOSAT  tnttlal  con4ttiona. 
Following  Atkina  an4  Jonaa  [1973],  aach 
(oracaat  waa  claaatfla4  according  to  tha 
following  acala: 

A - SAT  atgntftcantly  battar  than  NOSAT, 
I - SAT  battar  than  NOSAT, 

C - SAT  and  NOSAT  of  aqual  quality, 

0 - SAT  woraa  than  NOSAT, 

C - SAX  atgoifleantly  woraa  than  NOSAT. 

Each  (oraeaatar  parforaad  hta  avaluatton 
tndapandantly.  Thta  waa  followod  by  a dta- 
cuaaton  of  tha  prognoattc  dtfforancaa,  aftor 
which  tha  ratinga  wara  avaragad  arrtva  at 
tha  conaanaua. 

Tho  roaulta  of  our  coapartaona  (or  tha  aaa- 
loval  praaauro  and  300  ab  halght  (talda 
gonaratad  (roa  tho  CLAS  A*  latituda  by  3* 
longttuda  aodal  and  vartftad  ovar  North 
Aaartea  ara  proaantad  tn  Tablo  1 [raproducad 
froa  Ghtl  at  a^  1979a). 
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Froa  thia  tabla  tt  can  ba  aaon  that  at  aoa 
laval,  nona  of  tha  prognoattc  charta  hava 
boon  claaatftod  aa  A or  E and  that  an  alaoat 
aqual  nuabar  of  B and  D aarka  hava  baan 
gnntgaad.  Although  no  atgnlf leant  tapact 
occurred  at  thta  ataoapharlc  laval,  a 
tandaney  (or  aora  banaftctal  tapacta  at  AS, 
60,  and  72  houra  ta  avidant. 


16 


Ac  500  ab,  cwo  72-hour  prognotcic  chart!  hava 
baan  claaaiflad  aa  A and  chara  uara  no  E 
■arka.  In  addition  aora  chan  chraa  claaa  aa 
aany  B Chan  0 aarka  hava  baan  aailgnad* 
lapacca  at  thla  laval  ara  aoat  conalacancly 
banadclal  ac  60  and  72  houri. 

Tabla  2 praaanca  cha  raaulca  of  out  aubjaetlva 
avaXuaclon  of  aoundlng  data  tapact  ualng  cha 
CLAS  2.5*  by  3*  nodal.  Thla  tabla  ahowa  that 
a aora  aubatanclal  banaflclal  lapacc  fron 
aatalllta  aoundlng  data  haa  raaultad  fron  cha 
uaa  of  tha  hlghar  raaoluclon  nodal.  No 
atgnlftcant  nagatlva  lapacca  hava  occurrad 
whlla  flva  aaa-laval  praaaura  and  four  500  ab 
prognoaclc  charta  hava  baan  algnlflcantly 
laprovad.  Onca  again  tha  affact  of  aatalllta 
data  la  largaac  during  tha  lattar  half  of 
cha  foracaat  parlod. 

3.  EXAMPLES  OF  FORECAST  IMPACT 


Two  casaa  of  algnlf leant  foracaat  lapacc,  cha 
foracaaca  fron  19  and  1 1 Fabruary  1976,  wara 
aalaccad  for  a nora  dacallad  aubjaetlva 
analyala.  Tha  72-hour  aaa-laval  praaaura 
prognoaaa  fron  thaaa  caaaa  ara  praaancad  hara 
aa  llluatratlona  of  cha  conblnad  Influanca 
of  aatalllta  data  and  Incraaaad  raaoluclon. 

a.  72-Hour  Foracaat  from  0000  CWT, 
Fabruary  19,  1976 

Thla  uaa  a caaa  In  which  a significant 
Inprovananc  to  cha  pradlccad  dlaplacanant  of 
an  Incanaa  wlncar  acorn  occurrad  In  tha  lattar 
pare  of  tha  foracaat  parlod.  Tha  Initial 
condition!  for  this  foracaat  ahouad  a oode- 
racaly  Intansa  low  praaaura  ayatan,  aaaoclacad 
with  an  uppar  laval  abort  wava  trough,  locacad 
off  cha  norchwaac  coast  of  cha  U.  S.  Aa  cha 
syataa  aovad  Inland,  a naw  low  davalopad 
along  an  already  existing  stationary  front, 
and  bacana  tha  donlnant  faacura  by  1200  CHT 
on  Fabruary  19.  During  cha  next  24  hours, 
cha  low  aovad  souchaaacuard  and  Intanalflad, 
afear  which  cine  It  recurved  and  chan  accala- 
rated  toward  cha  northeast.  This  cyclona 
was  acconp'inlad  by  heavy  snow,  bllxxard,  or 
naar-bllrxard  conditions  In  Colorado,  Kansas, 
Nebraska,  Iowa,  Michigan,  and  Wisconsin,  and 
tornadoes  or  savara  ehunderscoms  In  Kansas, 
Oklahoau,  Texas,  Arkansas,  Missouri,  Illinois, 
Louisiana,  and  Mississippi.  Hose  of  cha  savara 
weather  occurrad  coward  tha  and  of  cha  fora- 
caae  parlod  after  the  recurvatura  of  cha 
cyclona  to  the  northeast. 

Figs,  la  and  lb  depict  cha  72-hour  SAT  and 
NOSAT  saa-laval  praaaura  prognoses  for  cha 
4*  by  5*  nodal,  whlla  the  corresponding  SAT 
and  NOSAT  prognoses  for  cha  2.5*  by  3*  nodal 
are  shown  In  Figs.  Ic  and  Id.  Tha  verifying 
analysis  Is  shown  In  Fig.  la.  Conparlson  of 
these  charts  ravaals  llecla  dlffarenca  batwaan 
cha  two  4*  by  5*  nodal  forecasts,  however  a 
very  significant  InprovasMnt  In  the  pradlccad 
dlaplacanant  of  cha  surfaca  low  has  rasultad 
fron  the  Inclusion  of  aatalllta  data  In  tha 
2.5*  by  3*  nodal.  The  high  resolution  SAT 
pradlctlor  indicated  recurvatura  of  the  low 


to  tha  northeast  while  tha  other  predictions 
did  not.  As  a result,  there  was  a nora  than 
1000  kn  reduction  In  tha  vector  error  of  tha 
predicted  position. 

Since  noai  of  tha  savara  weather  occured  In 
conjunction  with  cha  recurvatura  of  tha  low. 

It  Is  clear  that  significantly  Inprovad  local 
waachar  forecasts  could  hava  rasultad  fron 
tha  use  of  tha  high  resolution  SAT  prognoses 
In  this  situation.  To  Invasclgace  this 
point  further,  tha  high  resolution  SAT  and 
NOSAT  predictions  of  local  convacclva  Insta- 
bility, and  alto  cha  dattabllltaclon  by 
differencial  equivalent  potential  tenparature 
advactlon  wara  coaparad.  Ic  was  found  that 
chara  was  a 51  parcanc  reduction  In  cha  RHS 
errors  of  convacclva  Instability  and  a 22 
peccant  reduction  In  RMS  errors  of  dlffaran- 
llal  advactlon,  In  tha  prediction  which 
Included  sacelllca-soundlng  data. 

b.  72-Hour  Forecast  fron  0000  GMT, 
Fabruary  11,  1976 

In  this  case,  a weak  cyclona  formed 
along  a stationary  front  In  southwest  Canada, 
moved  southeastward  whlla  Intensifying  during 
Cha  first  40  hours  of  cha  parlod,  and  then 
recurved  to  cha  east  northeast. 

Figs.  2a  and  2b  depict  the  72-hour  SAT  and 
NOSAT  sea-lavel  pressure  prognoses  for  the 
4*  by  5*  modal,  whlla  the  corresponding  SAT 
and  NOSAT  prognoses  for  the  2.5*  by  3*  model 
are  presented  In  Figs.  2c  and  2d.  Fig.  2e 
shows  tha  verifying  analysis.  Comparison  of 
che'sa  figures  reveals  chat  an  Improvement 
In  the  predicted  displacement  of  the  surface 
low  has  resulted  from  the  Inclusion  of 
satalllce  data  In  the  4’  by  5*  model,  but  a 
much  larger  Improvement  has  occurred  In 
tha  2.5*  by  3*  model.  Tha  high  resolution 
SAT  prognosis  (Fig.  2c)  Is  substantially 
better  than  the  NOSAT  (Fig.  2d)  In  Its 
pradlcclon  of  cha  cyclonic  circulation  over 
southaascarn  Canada  and  Che  northeastern 
U.S.,  as  wall  as  Che  anticyclone  near  the 
Great  Lakes  and  cha  pressure  trough  which 
extends  southeastward  from  southwest  Canada. 

4.  EVOLUTION  OF  FORECAST  IMPACT 


In  this  section  tha  devalcpmant  and  growth  of 
cha  forecast  dlffarancaa  batwaan  the  CLAS 
high  rasolutlbn  SAT  and  NOSAT  forecasts  from 
Fabruary  19  will  be  described.  A similar 
study  for  other  modal  forecasts  and  for  cha 
February  11  ease  Is  currently  being  prepared. 

Comparison  of  Figs.  Ic  and  Id  reveal*  that 
cha  pradlccad  movaments  of  tha  surface  low 
ara  similar  for  tha  first  thirty-six  to  foity 
eight  hours  of  cha  forecast  but  then  diverge 
rapidly.  Ua  are  particularly  concerned  with 
explaining  (1)  why  tha  surfaca  lows  In  the 
cwo  forecasts  suddenly  diverge  and  move  dlffe 
randy  during  cha  latter  half  of  tha  forecast 
and  (2)  If  differences  In  cha  forcing  for 
tha  cyclona  ac  tha  time  cha  two  forecasts 
dlvarga,  can  be  tracad  to  specific  Initial 
state  differences  batwaan  the  SAT  and  MCSAT 
systams. 
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ORIGINAL  PAGE  IS 
POOR  QUALITY 


rig.  1 Th*  ft*  l*v€l  pre*«ur«  fltld*  on 

0000  GMT  2Z  F«bru*ry  1976 

a.  tha  72  hour  focac»*t  £ro«  tha 
4*  by  S*  CLAS  aodti  ulch  SAi 
initial  condlclona: 

b.  tha  cotraapondlng  NOSAT  fora- 
caat  uaing  tha  4*  by  5*  nodal; 

c.  tha  corraapondlng  SAT  foracaat 
uaing  tha  2.5*  bv  3*  GLAS 
■odal; 

d.  tha  corraapondlng  NOSAT  fora- 
eaac  uaing  tha  2.5*  by  3*  CI.aS 
■odal ; 

a.  tha  varifylng  NMC  analyala. 
Dota  rapraaant  paat  poaltlona 
of  tha  cyclona  cantor  at  12 
hour  intarvala  baglnnlng 
OOOO  CIT  19  Tabruary  1976. 
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Fl(.  2 TTi«  »%t  l«y«l  praiaur*  fltlda  on 
0000  GMT  14  Fibruary  1976 

«•  th«  72-hour  forocaac  froa  tht 
4*  by  S*  aodtl  with  SAT  Initial 
condltlona; 

b«  tha  corraapondlng  NOSAT  fort- 
caat  ualng  tha  4*  by  5*  CLAS 
aodal; 

c.  tha  corraapondlng  SAT  foracast 
ualng  tha  2.S*  by  3*  ClAS  aodal; 

d«  tha  corraapondlng  NOSAT  (oracaat 
ualng  tha  2.3*  by  3*  CLAS  aodal; 

a.  tha  varlfylng  NHC  analyala. 


To  •ntwor  thait  quote  Iona  «o  htva  ounlnod 
hortioneol  dltertbuctoot  and  vtrcletl  erott 
•oeeteno  of  o wtdo  ran|o  of  ptlotry  vorlablot 
and  oodal  dartvad  quantleiaa  rolaead  to  eha 
dynoalet  of  eha  eyelono*  Only  a {aw  of  tho 
■ora  daacrlptlva  atpaect  of  chit  acudy  art 
proaontad  hart* 

Tho  Initial  ata  laval  prtaaurt  and  t000-)00  ab 
thlcknaaa,  and  300  ab  halghc  and  vorclctty 
analyaaa.  for  eha  SAT  and  NOSAT  forocaata 
fro*  Fobruary  19,  ara  dtaplayad  In  Fl|a«  3 
and  4.  Conpartaon  of  thaaa  flturat  ravaala 
no  aubacanctal  dlffaranea  In  eha  tnlelal 
rapraaaneatlon  of  eha  aurfaea  low  locaeod  ae 
46*N,  132*w  off  eha  norehwate  coate  of  eha 
U,  S..  although  a altghe  aodlflcaelon  of  cha 
lOOO-SOO  ab  ehlcknaat  pactarn  haa  oecurrod. 
Thla  raaulta  In  a tllghely  anhancad  variation 
of  eharaal  vortlcley  and  tharoal  advacelon 
acroi'.t  eha  low  cantor  in  eha  SAT  caaa*  At 
300  ob  largar  dlffaroncat  baewaan  eha  two 
Ir.ielal  atataa  ara  ovldone. 

Tha  aatlallaelon  of  aaealllea  toundlng  data 
haa  raaultad  In  an  Intanalflcatlon  of  eha 
uppar  laval  vortlcley  Mxlaua  aatoclatad  with 
tha  aurfaea  low  and  an  allalnaeioo  of  cha 


vortlctcy  trough  axcandlng  aouthward  froa  thla 
■axlMia.  Tha  aaealllea  data  haa  Incraaaad 
tha  norcharly  eoaponant  of  tha  wind  and  eha 
cyclonic  thaar  of  tho  waacarly  coaponont  of 
tha  wind  froN  40*N  eo  47*N  eo  eha  latMdlata 
watt  of  Cha  uppar  laval  trough.  It  alto 
Incraaaad  cha  ancleyclonlc  ahoar  of  tha 
uaaeorly  wind  balow  40*N  (wind  eoaponanc 
ehartt  not  thown).  Thla  raaulta  In  a north- 
ward thlfc  of  cha  uppar  loval  vortlcley 
advactlon  araat  In  chit  raglon,  auch  chat 
thara  la  atrongar  poaltlvo  vortlcley  advactlon 
and  poaltlvo  vortlcley  tandanclat  to  cha 
aaat  of  tha  300  Mb  vortlcley  naxlnun,  and 
atrongar  nagatlva  vortlcley  advactlon  and 
nagatlvo  vortlcley  tandanclat  to  tha  watt  of 
tha  naxlau*  In  tha  SAT  caao.  Thla  modifica- 
tion of  tha  vortlcley  advactlon  by  aaealllea 
toundlng  data  waa  found  to  ba  In  agraamont 
with  aaealllea  cloud  laagary,  (aaa  Halaa 
1979  for  dltcuaalon  of  eachnlqua).  Additional 
■odlflcatlona  en  cha  initial  acaca  by  tha 
aaalallatlon  of  aaealllea  data,  hava  boan 
conaldarad  In  thla  atudy  but  will  not  ba 
daacrlbad  hara. 


Fig.  3 SAT  (a)  and  NOSAT  (b)  Saa-lavol 

prataure  (aolld  llnoa)  and  lOOO-SOO 
nh  chlckaoaa  (daahod  llnatl  for 
O.jOO  GtfT  19  Fabruary  1976. 


b 


■ Fig.  4 SAT  (a)  and  NOSAT  (b)  300  ab 

abtoluta  vortlcley  (aolld  llnoa) 
and  300  ab  goopecanclal  halghc 
(daahad  llnoa)  for  0000  CMT 
19  Fabruary  1976. 
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rt«r  of  eyclonot*  Thu*  Cho  iradlonc  of 
thlckMO*  advoetlon  aeroaa  a eyclona  cantor 
la  an  laportant  Indicator  of  tha  rata  of 
aovaaant  of  that  cyclona*  In  thla  caaa,  tha 
dlffaraneaa  In  tha  (radiant  of  thlcknaaa 
advaetlon  that  ara  aatabllthad  aftor  thirty- 
«lx  heura  ara  primarily  aaaoclatad  with  tha 
tl  If  faring  ratoa  of  aovamant  of  tha  uppar  laval 
vortlelty  aMxlmum.  Boeauaa  of  tha  dlffarant 
aovamanta  of  tha  vortlelty  maximum  ralatlva 
to  tha  aurfaca  low,  chara  waa  an  Intonalflea- 
tlon  of  tha  praaaura  gradlant  to  tha  aouthwaat 
of  tha  low  cantor  In  tha  SAT  foracaati  whtla 
a broad  araa  of  aurfaca  praaaura  falls  aaao- 
clatad with  tha  poaltlva  vortlelty  advoetlon 
aloft  waakanad  tha  praaaura  (radiant  to  tha 
Immadlata  aouthwaat  of  tha  aurfaca  low  In 
tho  NOSAT  foracaat. 

This  offset  ampllflod  during  tha  naxt  twolva 
hours  In  such  a way  that  by  0000  OMT 
21  Fabruary  tho  gradlant  of  thlcknaaa  advac- 
tlon  across  tho  low  cantor  Is  naarly  twlea 
as  strong  In  tho  SAT  foracaat  at  In  tho  N0SAT< 
At  thla  tlma  tha  aurfaca  low  Is  loeatad  at 
36. 5 ’N,  102*W  in  tha  NOSAT  and  36*N,  99*W  In 


tha  SAT  (Fig.  11).  Tho  300  mb  vortlelty 
maximum  la  located  at  36.2*W,  Ul'W  In  tha 
NOSAT  and  3S*N,  102*U  In  tha  SAT  (Fig.  12). 

Tha  differing  phasa  ralatlonahlps  between  tha 
upper  laval  vortlelty  maximum  and  tha  aurfaca 
low  coupled  with  tha  differing  thlcknaaa 
advoetlon  pattarnt  result  In  the  diverging 
paths  of  tha  surface  low  throughout  tha 
ramalndar  of  tha  foracaat.  In  tha  SAT  case, 
there  la  strong  positive  vortlelty  advoetlon 
and  warm  advoetlon  to  tha  aaat  and  northeast ' 
of  tha  surface  low  and  weaker  vortlelty 
advoetlon  couplad  with  strong  cold  advoetlon 
to  tho  Immadlata  watt  and  aouthwaat  of  tha 
surface  low.  This  results  In  a strong 
isallobarlc  gradlant  across  tha  low  canter 
such  that  raeurvaturo  to  tha  east  northeast 
occurs.  In  tho  NOSAT  case,  weak  positive 
vortlelty  advoetlon  la  coupled  with  warm 
advoetlon  to  tha  northeast  of  tha  surface  low 
whllo  strong  poaltlvo  vortlelty  advoetlon  la 
coupled  with  weak  cold  advactlon  to  tha 
Immadlata  west  and  southwest  of  tha  surface 
low.  As  a result  tha  NOSAT  surface  low  bacomes 
"locked  In*  and  does  not  progress  aaatward 
after  this  tlma. 


Fig.  7 


Same  as  Fig.  3 axeapt  for  0000  GMT 
20  Fabruary  1976. 
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Fig.  I Same  as  Fig.  A except  for  0000  GMT 
20  February  1976. 


Fl|.  IX  Smk  •*  Ft|«  3 ««ctpc  for  OCnn  GtiT 
21  F«bru«ry  1976« 
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MBXmCT 

Miiwrioal  waathar  forteasts  art  charactariaad  by  rapidly 
daclining  akill  In  the  t;rat  48  bo  72  h.  teotnt  tatinatca  of 
the  aouroas  of  focaoaat  actor  indioata  that  the  inaocucata 
apaeifioation  of  the  initial  oonditiona  oontributaa  avtetan- 
tially  to  thia  actor. 

The  aanaitivity  of  the  focaoaat  akill  bo  tha  initial  oon- 
ditiona  ia  aaaadnad  by  oaqparing  t aat  of  caal-data  aKparliunts 
ahoaa  initial  data  aaca  obtained  with  tao  diffarant  analyaia 
actanaa.  NMulta  axa  pcaaantad  to  aaphasiaa  tha  iapartanca  of 
tha  ot^activa  analyaia  tacbrUquaa  uaad  in  tha  aaalnilation  of 
abaaevatlonal  data. 
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The  icsponse  of  an  eqnatoiial  ocean  to  simple  wind  stress 
pattons:  L Model  formulation  and  anal^c  rcsolls 

k7BtekA.Cmc^ 

ABSTRACT 

A empit  aodal  ii  dwloped  to  stady  dM  wiad-ditvoa  tq^uatocial  ocna  drculitioo.  It  k a 
tino  diyditf,  primilivt  oqnatioo,  btta  plaat  OMtdkl  that  k too-duncmioaal  ia  the  horizontal. 
Thp  avtkal  atrocttiia  conekti  of  two  layen  above  the  thetmodiae  with  the  tame  contant  den> 
kiy.  The  ooeaa  below  the  themodiat  k takca  to  be  of  a hiekr  eooitaat  denrity  aad  to  be  ap- 
naaJnwidy  at  imt.  The  loitMe  layer  k of  eooitaat  depth  aad  k acted  apoa  diiictly  by  the 
wM.  The  depOi  of  the  lower  active  layer  k dynamically  detenniatd.  Thk  k the  akapkit  verti* 
cal  wattaie  which  allowi  a steady  state  aaderearreat 

The  Saaar  dynamics  of  the  model  are  iavestisated  aaalytkally.  The  drcalatioa  evolves  oa 
two  tkacacahs:  a kictioaai  oompooent  k cstablkbcd  ia  0 (20  days)  while  the  pressure  fradkats 
and  iaieriar  Sow  have  a laager,  hi^y  variabk  aetap  time.  The  steady  traa^on  cooskts  of  a 
Svarftap  part  aad  a frktiooally  driven  part  in  the  vkuity  of  the  equator.  When  foiced  with  a 
nailoim  anaterly  wind,  the  Sow  at  the  equator  ia  the  lower  layer  k ia  the  aame  directioo  aa  the 
ndatcamat  (eaaterard).  However,  dk  vertically  iategrattd  traasport  k westward.  Thk  diSers 
from  obasrvatinni  aad  anggeats  that  inertial  eSccta  arast  be  inchided  to  properiy  simulate  dm 

la  a ivnpaainn  paper  (Cane,  1979)  both  the  linear  aad  dynasuca  of  the  modd  ate 

tavearigated  by  aBOMtical  methods. 


Since  Ae  trettkal  conyooent  of  the  Coriolis  force  veoishes  at  the  equator,  the 
IKMtapfaic  bilinces  which  dominate  the  dynamics  of  the  extra-eqostorisl  oceans 
nnst  break  down.  The  most  striking  physical  manifestaricn  of  this  ringolarity  is  the 
Eqnatoiiil  Undercunent,  a narrow  width  of  1*),  fast  (^>eeds  up  to  170  cm/ 
sac),  eastwerd  flowinp  nbsntfsce  current  in  the  riiennodine  ^ lU  the  world’s  oceans. 
(While  it  is  a permanent  feature  in  die  Atlantic  and  Pacific  at  most  IcogitDdes,  it  has 
been  obserred  only  ioiennittently  in  the  Indian  Ocean,  Knox.  1976.)  Many  of  the 
dmracteristics  of  the  undercunent  are  kigkly  variable:  e.g.,  the  downstream  velod* 
ties  and  ttmiports  may  vary  by  a factor  of  two  or  more  at  different  lonptudes  or  at 
different  times  Avaiiable  observetiooal  data  allow  many  of  these  vaiisticoa  to  be 
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related  systematically  to  variations  in  the  winds  over  the  equatorial  ocean.  How* 
ever,  the  evidence  is,  in  general,  too  spotty  to  aUow  such  correlations  to  be  conclu- 
sive. (Philander  (1973b)  presents  a thorough  review  of  the  measurements  of  the  un- 
dercurrent made  up  to  1973.) 

A second  important  consequence  of  the  vanishing  of  the  Coriolis  term  is  that 
equatorial  modons  have  time  scales  which  are  very  much  shorter  than  those  of 
midladtude  modons:  the  baroclinic  dme  scale  is  weeks  at  the  equator,  as  against 
years  at  midladtudes.  The  most  impressive  instance  of  this  short  time  scale  is  the 
reversal  in  direcdon  of  the  Somali  Current  within  a month  of  the  onset  of  the  South- 
west Monsoon  (e.g.,  Leetmaa,  1973). 

Because  of  the  rapidity  of  the  response  to  atmospheric  forcings,  equatorial  oceans 
are  rewarding  areas  for  the  study  of  modons  with  dme  scales  of  a month  or  longer. 
Until  quite  recenUy  such  modons  received  little  theoretical  attention.  Much  of  the 
work  in  this  area  has  followed  LighthUl  (1969)  in  focusing  on  the  set-up  of  the 
Somali  Current  in  response  to  the  onset  of  the  Southwest  Monsoon.  The  time  de- 
pendent behavior  of  the  underctirrent  itself  has  received  far  less  attention.  Gill 
(1975)  applied  a LighthQl-like  model  to  the  undercurrent  in  the  western  Pacific.  He 
associated  the  undercurrent  with  the  second  baroclinic  mode  Kelvin  wave  which 
propagates  in  from  the  western  boundary.  It  is  not  clear  how  such  a model  explains 
the  presence  of  the  undercurrent  as  a more  permanent  feature.  Philander  (1976) 
explained  the  undercurrent  meanders  observed  during  CATE  (Dfiing  et  of..  1975) 
as  the  result  of  a shear  instability  of  the  surface  currents. 

In  contrast  to  the  situation  for  time  varying  equatorial  currents,  numerous  theo- 
retical models  for  the  steady  state  undercurrent  appear  in  the  literature.  These  have 
been  reviewed  by  both  Gill  (1975)  and  Philander  (1973b).  For  this  reason  we  shall 
forego  a detailed  review  here:  rather,  we  shall  discuss  them  only  to  the  extent 
needed  to  establish  a theoretical  context  for  the  present  work.  On  the  basis  of  his 
observations  in  the  Pacific,  Knauss  (1966)  estimated  that  the  only  negligible  terms 
in  the  momentum  equation  were  those  giving  the  time  rate  of  change  of  momentum 
and  the  horizontal  component  of  the  Coriolis  force  due  to  vertical  motion.  (He  did 
not  consider  horizontal  '‘ddy  diffusion  processes.)  The  upshot  is  that  a great  variety 
of  processes  are  available  to  be  used  as  explanations  for  the  undercurrent.  Since 
there  is  a certain  amount  of  freedom  in  the  choice  of  eddy  coefiScients,  all  of  these 
can  be  expected  to  give  agreement  with  at  least  some  of  the  observed  scales.  In 
wnat  follows,  we  seek  to  isolate  those  processes  which  are  most  significant. 

We  shall  immediately  restrict  ourselves  to  those  models  which  idealize  the  thermo- 
cline  as  a discontinuity  between  a shallow  upper  homogeneous  layer  and  a deeper 
lower  homogeneous  layer  of  greater  density.  The  lower  layer  is  assumed  to  be  so 
deep  that  its  horizontal  pressure  forces  and  velocities  vanish.  Models  with  thermo- 
baline  components  (Robinson,  1960;  Philander,  1971,  1973a)  are  required  to  e-x- 
plain  certain  effects  at  depth;  for  example,  the  double  celled  structure  often  observed 


in  the  Pacific  (see  Philander,  1973b).  Homogeneous  models  appear  to  be  sufficient 
for  explaining  observed  features  above  the  thermocline. 

The  most  basic  physical  notion  about  the  undercurrent  is  the  idea  of  flow  down 
a pressure  gradient  (Chamey,  1960).  The  prevailing  easterly  winds  pile  up  water 
at  the  western  side  of  the  ocean  basin,  thus  establishing  an  eastward  pressure  gradU 
ent  Stommel  (1960)  exploited  this  idea  to  obtain  an  eastward  flowing  subsurface 
current  in  a linear  model  with  vertical  friction.  He  assumed  free  slip  boundary  con* 
dition  at  the  bottom  and  that  the  vertically  integrated  transport  vanishes  at  the 
equator.  In  a similar  model  without  the  latter  two  assumptions,  Chamey  (1960)  and 
Phflander  (1971)  found  that  the  current  at  the  equator  did  not  reverse  with  depth. 
In  any  case,  one  would  wish  any  theory  to  account  for  the  substantial  eastward 
transports  observed  at  the  equator.  In  the  linear  theory  of  Gill  (1971),  the  pressure 
gradient  force  is  balanced  by  the  horizontal  mixing  of  momentum.  By  u^g  an  un* 
realistically  large  value  for  the  coefficient  of  horizontal  eddy  viscosity  (10*  cm* 
sec~‘),  Gill  obtains  the  observed  latitudinal  scale  for  the  undercurrent,  but  the  trans- 
port is  too  low  by  a factor  of  at  least  four. 

Nonlinear  theories  have  ignored  the  downstream  inertial  terms.  The  (suspect)  as- 
sumption is  made  that  the  zonal  and  meridional  velocities  have  the  same  scale.  Then, 
since  the  meridional  length  scale  (an  equatorial  boundary  layer  scale)  is  so  much 
shorter  than  the  zonal  one  (the  length  of  the  basin),  it  follows  that  in  the  momentum 
equation  the  downstream  inertial  term  is  negligible  relative  to  the  cross-stream  in- 
ertial term.  Attention  is  then  directed  to  the  meridional  circulation.  For  an  easterly 
wind,  the  Ekman  drift  in  the  surface  layers  will  be  poleward.  Continuity  then  re- 
quires a compensatory  equatorward  mass  flux  at  depth,  producing  an  upwelling 
region  at  the  equator  to  complete  the  fluid  circuit.  Fofonoff  and  Montgomery  (19SS) 
considered  the  subsurface  flow  in  the  light  of  the  barotropic  vorticity  equation.  If  it 
is  assumed  that  a parcel  approximately  conserves  the  vertical  component  of  its  ab- 
solute vorticity,  it  must  change  its  relative  vorticity  to  make  up  for  the  loss  of  plane- 
tary vorticity  as  it  moves  equatorward.  This  results  in  an  eastward  flow  at  the 
equator.  It  may  also  be  shown  that  the  meridional  circulation  near  the  equator  en- 
hances the  eastwa^-d  transport  at  the  equator  regardless  of  whether  the  wind  is 
easteriy  or  westerly,  (See  Robinson  (1966)  for  an  analytic  demonstration;  Gill 
(1975)  gives  a more  physical  argument.) 

The  models  of  Chamey  (I960),  Chamey  and  Spiegel  (19/1),  Robinson  (1966), 
and  McKee  (W73)  all  incorporate  the  nonlinear  effects  due  to  the  circulation  in  the 
meridional  plane.  The  first  three  include  momentum  mixing  in  only  the  vertical 
direction.  McKee’s  model  is  an  extension  of  Gill’s  (1971)  model  into  the  nonlinear 
regime;  horizontal  eddy  viscosity  is  the  important  frictional  force  here.  A more 
realistic  value  for  the  zonal  velocity  is  obtained  compared  to  the  linear  model,  but 
an  unreasonably  large  value  for  the  eddy  coefficient  is  again  used  (10*  cm*  sec"‘) 
to  obtain  the  observed  undercurrent  width.  The  models  of  Chamey  (1960)  and 


Qjamey  and  Spiegel  (1971)  (the  first  calculates  the  flow  only  at  the  equator  by 
assuming  it  is  an  axis  of  symmetry;  the  second  paper  extends  the  first  model  to  a 
meridional  plane)  give  the  observed  undercurrent  velocity  and  width  using  a value 
for  the  vertical  eddy  viscosity  coefficient  (15  cm’  sec*’)  in  agreement  with  existing 
observational  evidence  (See  Sec.  2).  This  model  also  gives  good  agreement  with  the 
observed  vertical  profile  of  the  undercurrent.  Vertical  viscosity  must  be  of  some 
importance  at  depth  m order  to  obtain  a nonconstant  profile  below  the  boundary 
layer.  Most  importantly,  a mt>:hanism  for  the  vertical  exchange  of  momentum  is 
needed  to  introduce  the  wind  siress  into  the  water.  There  is  no  similar  logical  neces- 
uty  for  introducing  a significant  amount  of  horizontal  mixing.  Further,  there  is  no 
evidence  that  modeling  such  mixing  gives  better  agreement  with  observations. 

Previous  work  thus  shows  that  it  is  necessary  to  consider  vertical  eddy  viscosity 
and  inertial  effects  but  not  lateral  eddy  viscosity  in  order  to  model  the  undercurrent 
effectively.  As  noted  above,  all  of  these  models  neglect  any  variation  in  the  zonal 
direction  (e.xcept  that  the  zonal  pressure  gradient  is  taken  as  constant).  This  makes 
it  impossible  to  ask  a number  of  interesting  questions;  for  example,  one  cannot  in- 
vestigate the  undercurrent  meanders  observed  during  GATE.  Nfore  generally,  the 
issue  of  the  relation  of  the  undercunent  to  the  entire  equatorial  current  system  can- 
not be  explored  without  considering  the  whole  ocean  basin.  Since  there  is  a substan- 
tial eastward  transport  at  the  equator,  there  must  be  compensating  westward  flow 
elsewhere  in  the  ocean  basin.  Further,  many  time  varying  effects  arc  inseparable 
from  zonal  variations.  For  example,  the  length  of  time  it  takes  for  the  sea  surface 
to  set  up  from  rest  in  response  to  a wind  stress  is  determined  by  the  speed  of  waves 
which  propagate  in  from  the  boundaries  of  the  basin. 

In  order  to  investigate  questions  of  this  sort,  our  model  will  be  time  dependent 
and  two  dimensional  in  the  horizontal.  Since  the  phenomena  of  interest  are  con- 
fined to  an  area  near  the  equator,  the  basin  need  not  have  a great  latitudinal  e.xtent; 
15S  to  15N  has  proven  to  be  sufficient.  The  model  equations  are  solved  numerically 
because  it  is  imperative  that  they  be  fully  nonlinear. 

In  order  to  m.ake  it  practical  to  perform  many  numerical  integrations,  the  vertical 
sthteture  is  drastically  simplified.  It  consists  of  two  layers  above  the  thermocline 
with  the  same  constant  density.  The  ocean  below  the  thermocline  is  taken  to  be  of 
a higher  constant  density  and  to  be  approximately  . 'cst.  The  upper  of  the  two 
active  layers  is  a constant  depth  surface  layer  which  < acted  upon  directly  by  the 
wind  stress.  The  lower  active  layer  is  not  directly  affected  by  the  wind.  Its  depth  is 
variable,  with  the  variations  being  dynamically  determined.  The  two  layers  com- 
municate via  the  vertical  velocity  at  their  interface  as  well  as  being  frictionally 
coupled.  This  h the  simplest  vertical  structure  that  allows  a .steady  undercurrent. 

Of  course,  this  simplification  prevents  the  simulation  of  the  detailed  vertical  struc- 
ture of  the  undercurrent  It  is  not  our  intention  to  do  such  numerical  simulations. 
Previous  work  (especially  Chamey  and  Spiegel,  1971)  provides  a bridge  for  relating 


the  results  of  our  simple  model  to  the  real  world.  Our  philosophy  is  to  treat  the 
numerical  experiments  in  the  manner  of  laboratory  experiments:  we  do  not  seek  to 
simulate  the  real  world;  we  seek  merely  to  preserve  enough  analogy  to  the  real 
world  for  the  results  to  give  insight  into  natural  phenomena. 

There  are  a large  number  of  phenomena  which  may  be  investigated  with  such  a 
model.  In  the  present  study  we  impose  very  simple  wind  stress  panems  and  study 
the  evolution  from  a state  of  rest  and  eventual  steady  state  configuration  of  the  model 
ocean.  In  this  paper  the  model  is  formulated  and  its  linearized  dynamics  are  ex- 
plored by  analytic  means.  Numerical  results  are  discussed  in  the  sequel  to  this  work, 
Cane  (1979),  henceforth  referred  to  as  II.  The  analytic  results  are  of  interest  in  their 
own  right  in  addition  to  being  an  invaluable  aid  in  the  interpretation  of  the  numeri- 
cal experiments.  The  \erdcal  structure  of  the  model  is  novel  and  these  results  help 
to  clarify  the  reiadooship  of  the  model  variables  to  more  familiar  oceanographic 
models.  They  provide  a descriptive  vocabulary,  a check  on  the  numerical  results, 
and  a contrast  that  highli^ts  the  nonlinear  effects. 

2.  Fonnnladoa  of  (be  physical  model 

The  equations  and  parameters  governing  the  model  are  discussed  in  this  section. 
We  begin  by  considering  the  familiar  layered  model  in  order  to  see  why  it  is  inap- 
propriate for  modeling  the  steady  undercurrent.  The  equations  for  the  model  struc- 
ture employed  here  are  then  derived,  after  which  the  choice  of  parameter  values 
is  discussed. 

0.  Layered  model.  Since  we  are  concerned  with  inertial  and  viscous  dynamics  of  a 
wind-driven  ocean,  thennohaline  effects  will  be  ignored.  We  divide  the  ocean  verti- 
cally into  stable  material  layers  of  constant  density  which  are  assumed  to  be  non- 
mixing  (Fig.  1).  We  now  identify  the  bottom  layer  with  the  water  mass  below  the 
thennociine  and  regard  it  as  being  sufficiently  deep  so  that  its  velocity  vanishes. 
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Equatorial  legioiia  are  a favorable  environment  for  this  approximation;  the  thermo- 
dine  is  shallow  (1S0*200  m),  the  wind  stress  projects  about  twenty  times  more 
stron^y  on  the  first  baroclinic  mode  than  it  does  on  the  barotropic  mode  (Lighthill, 
1969),  and  unlike  midlatitudes  (Veronis  and  Stommel,  1956),  the  baroclinic  signals 
are  only  about  one  order  of  magnitude  slower  than  the  barotropic.  Further  theo- 
retical support  may  be  drawn  from  Philander’s  (1977)  analysis  of  vertical  wave 
propagation,  which  shows  that  for  the  dme  scales  of  interest  to  us,  most  of  the 
energy  put  in  by  the  wind  will  remain  above  the  thermocline.  Observational  evidence 
also  tends  to  support  the  vaUdity  of  this  approximation  (see  Philander,  1973b  for 
a summary). 

Since  the  velocities  in  the  lowest  layer  are  assumed  to  vanish,  the  pressure  gradi- 
ent must  vanish  there  as  well  This  leaves  us  with  the  familiar  “reduced  gravity” 
model;  for  a sin^e  active  layer  the  equations  governing  the  average  horizontal  cur- 
rent and  the  layer  depth  are 

- f ■ n*  + (u^  • V)  u*  -f  / k X n‘  = —g'  VAi  + (To  — Ti)  + vg  V* 

QS 

(2.1) 

-|-A»  + V-(A,u‘)^0.  (2.2) 

Where  the  reduced  gravity  g'  = g (p,-pi)/p-,  t,  is  the  wind  stress,  Ti  the  interfacial 
stress  between  the  two  layers  and  vsV'u^  is  the  horizontal  eddy  stress.’  The  com- 
ponents of  the  Coriolis  force  due  to  vertical  motions  and  departures  from  hydrostatic 
balance  are  ne^ected;  this  may  be  justified  a posteriori. 

The  wind  stress  app  as  a body  force  in  (2.1).  This  is  a commonly  used  model- 
ing procedure  in  oceanography  that  can  be  rigorously  justified  for  many  purposes 
(e.g.  Chamey,  1955).  However  for  some  purposes,  such  as  modeling  the  undercur- 
rent, a difficulty  is  created  by  introducing  the  wind  stress  as  a body  force  averaged 
over  the  uppermost  layer. 

For  a constant  easterly  wind  stress  (of  magnitude  r per  unit  mass)  the  steady  state 
solution  to  (2.1),  (2.2)  is 

u‘  = 0;  hx*  = hx*  (x=0)  + x r/g',  (2.3) 

The  zonal  presstire  gradient  is  balanced  by  the  wind  stress  at  all  depths.  In  reality 
this  pressure  gradient  is  sufficient  to  drive  the  equatorial  undercurrent  because  the 
fiuid  at  depth  feels  the  pressure  force  but  not  the  wind  stress  (Chamey,  1960;  Gill, 
1971).  Obviously  the  layered  model  misses  this  effect. 

2.  The  usual  finite  difference  usomption  about  quadratic  terms  has  been  made, 
that 


Similar  no-motioa  solutions  can  easily  be  found  for  a multilayer  model  whether 
or  not  the  bottom  layer  is  constrained  to  be  motionless;  the  layer  depths  may  always 
adjust  to  reduce  the  pressure  gradient  to  zero  in  each  subsurface  layer.  For  example, 
with  some  dissipation  in  the  system  a two  layer  model  with  its  lower  layer  not  con- 
strained to  be  motionless  will  still  evolve  to  such  a motionless  steady  state.  (This 
model  does  permit  a tnnsient  undercurrent.) 

It  should  be  emphasized  that  such  models  are  not  wrong  in  some  simple  sense. 
In  fact,  the  profile  of  the  thermocline  depth  specified  by  (2.3)  is  very  close  to  what 
is  observed  at  the  equator  (cf.  Gill,  1975,  Fig.  3).  The  difficulty  is  that  the  feature 
of  interest  is  missed  by  the  layered  models  because  they  consider  only  the  depth 
averaged  currents  within  each  layer.  A correct  treatment  of  the  wind  stress  would 
introduce  it  as  a boundary  condition  e.g.  v,u,  = at  the  surface,  so  the  velocity 
cannot  vanish  at  all  depths.  The  vertically  averaged  velocities  may  vanish.  For  the 
example  discussed  above,  this  could  come  about  at  the  equator  if  the  surface  fiow 
driven  westward  by  the  wind  stress  were  just  compensated  by  the  flow  at  depth 
driven  eastward  by  the  pressure  force.  In  reality,  inertial  effects  act  nonuniformly 
with  depth  to  give  a net  eastward  transport  at  the  equator.  This  is  precisely  the 
mechanism  for  generating  an  undercurrent  referred  to  in  Sec.  1. 

b.  Model  equations.  To  capture  this  essential  mechanism  we  modify  the  model  with 
a single  active  layer  by  dividing  this  layer  into  two  parts;  a surface  layer  of  constant 
depth  Tj  and  a lower  layer  of  variable  depth  h (Fig.  2).  There  is  no  density  difference 
between  these  two  layers  and  transfer  of  mass  and  momentum  between  the  two  is 
permitted.  The  wind  stress  is  felt  directly  only  by  the  surface  layer;  in  this  sense  this 
layer  plays  the  role  of  the  ocean  mixed  layer. 

Denote  the  average  of  a quantity  q over  the  upper  active  layer  by  q*  and  over  the 
lower  layer  by  q‘;  i.e. 

at  C q dz\  q^=^h~^  C " qdz.  (2.4) 

J m J Zi 


•s. 
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The  surface  s = r,  is  aot  a material  surface  so  dz^/dt  ^ w(c,);  ia  fact 


~~3t 


and 


II 

(2.5) 

1 w - 
dr 

w (Zo)  + W, 

(2.6) 

where  w,  is  the  rate  at  which  fluid  must  be  transferred  across  the  interface  z = 
in  order  to  keep  the  upper  layer  depth  constant.  By  integrating  the  continuity  equa- 
tion, Wt  4-  V * a = 0,  throi^^  the  upper  layer  and  using  (2.6)  we  may  obtain  the 
relation 


w,  = w(z,)-w(z*)  = 

/'r. 

I V • n dz  = V • I a dz  - {n  (Zo)  • V Zo  - M (z^)  • V z,} , 


Since 

(a  (zo)  • Vz«  - u (z,)  • Vz,}  = 


- -I- 

w,  = V • (ijo*)  = ijV  • n* , (2.7a) 


it  follows  that 


so  that  entrainment  balances  the  divergence  in  the  surface  layer.  A similar  manipula- 
tion on  the  continuity  equation  integrated  from  Zo  to  Zi  yields 

-^  = -V(Au‘)-w.;  (2.7b) 

the  depth  of  the  lower  layer  is  changed  either  by  divergence  of  fluid  within  the 
layer  or  by  exchanges  with  the  layer  above. 

To  derive  the  momentum  equations  for  the  two  layers  we  begin  with  the  mo- 
mentum equation  in  the  form 

= + = -|^u  + V-(uu)  + -^(wa) 

with  R standing  for  all  the  other  terms  in  the  equation.  Integrating  over  the  upper 
layer  and  using  Leibnitz’s  rule 

= .A-t.w-t-  } 

+ 1 V W.Z»)  («(z«)  • Vzo)  - O(Zii)  («(Zii)  • VzO] 
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+ w{zt)  u (z*)  - >•>(«,)  n (r,) 

= — “ (ijtt*)  + V • (Tja*u*)  - n(zo)  + u(r,)  + h'(zo)o(z«)  - w(«,)  a(*,); 

J*** R ir  = (tjo*)  + V * (ijo*  o')  - w,  o (r,)  (2.8a) 

with  the  last  equality  following  from  (2.6). 

In  the  lower  layer 


uiz  + V 


c* 

u a - tt  (2,) 

Zi 


dt 


+ W iZn)  M (Z,)  - w (Zx)  a (z,)  , 


+ u (Zi) 


<fZi 

dt 


^p-(Au*)  + V • (/jn‘n‘)  + w,  n (z,) 


(2.8b) 


To  close  the  set  of  equations  (2.7),  (2.8)  u(zn)  must  be  expressed  in  terms  of  the 
other  variables.  Applying  the  requirement  that  there  be  no  spurious  sources  or  sinks 
of  energy  determines  that 


a (z,)  ss  i (B*  + u‘) 


(2.8c) 


Writing  R explicitly  and  using  (2.7)  to  go  from  flux  to  momentum  form  gives  the 
final  form  of  the  momentum  equations. 


B*  + (u* . V) q*  + -^(u*  - B‘)  + / k X B* 

Qt  aIJ 

= -g'Vh  + -Z:2 ^(u»-n‘)  + v*VB*.  (2.9a) 

V V 

_JL  B‘ + (B*  • V)  u»  + -g- (n*  - o‘)  + / k X B‘ 

= — ^u»+_^(B*-u‘)  + «'»V»n‘,  (2.9b) 


The  stresses  at  the  interfaces,  x (Zn),  and  x (Zi)  have  been  modeled  in  a simple  linear 
fashion: 


X (z,)  = r (B*  - B»);  X (Zx)  = 8:,  u‘ . (2. 10) 

In  terms  of  the  vertical  eddy  viscosity  v,  x s dn/dz  so  we  may  argue  heurlsti- 
cally  that 

K^Kb^vJH,  a.  11) 

with  a characteristic  vertical  distance  between  fluid  elements  in  the  active  layers. 
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Tibte  1.  Standard  Valuei  of  Modal  Parametert. 


ParaoMter 

Value 

Remarks 

r 

.463  dyn  cm“^ 

Wind  nress  per  unit  mass 

t 

.1724  m*ec~* 

“reduced  travity"  f'  ■ f (pi-p>)/p«  for 
(pr-p0/p,»  1.86  X 10-* 

Vm 

3.86X  iCcjs’iec-* 

coeffldent  of  horizontal  vbcosity 

V, 

13  cm*  ICC”* 

cocfScient  o<  vertical  viscosity 

K 

U X itr*  msec-* 

interfacial  friction  parameter;  K = y,/H*  for 
■ 100  m 

K, 

1 J X 10-*  msec-* 

bottom  friction  parameter;  » iC 

X, 

26.6*  (3184  km) 

zonal  extent  of  the  buin 

«r 

13* 

basin  walls  are  at  13N  and  13  S 

-13* 

23m 

depth  of  upper  layer 

Bx 

173  m 

mean  value  of  the  lower  layer  depth  h 

2.2  X l0-“m~Sec-‘ 

ft  “ {df/dy)r^  “ 2CI/R  where  (1  * 2ir  day”* 
and  R is  the  radius  of  the  earth 

Hnally,  at  all  lateral  boundaries  we  impose  no-slip  boundary  conditions 

u*=.u‘  = 0.  (2.12) 

c.  Choice  of  parameter  values.  The  values  for  the  model  parameters  given  in  Table 
1 are  by  and  large  typical  values  for  equatorial  oceans.  Placing  the  zonal  coasts  at 
^IS”  makes  them  sufficiently  far  from  the  equator  so  that  their  presence  has  negligi- 
ble influence  on  the  dynamics  in  the  vicinity  of  the  equator  (8S  to  8N).  The  possi- 
bility of  separating  the  efiects  of  zonal  walls  from  the  equatorial  dynamics  dt  pends 
on  these  dynamics  being  locally  determined;  i.e.,  “trapped”  to  the  equator,  ."hat 
this  is  the  case  is  borne  out  by  our  subsequent  analytic  investigations  (also  ser  Cane 
and  Sarachik,  1976,  1977);  it  b also  evident  from  the  flow  field  pictures  obtained 
from  the  numerical  calculations  (see  II).  Additional  shorter  numerical  experiments 
with  the  zonal  walls  20'*  from  the  equator  differed  little  near  the  equator  from  those 
with  the  walls  at  15°.  The  zonal  width  of  the  basin  is  smaller  than  that  of  the  world’s 
oceans,  but  is  large  enough  to  have  a broad  interior  region  where  the  dynamics  may 
be  clearly  separated  from  the  dynamics  of  the  meridional  boundary  layers.  The 
model  ocean  is  taken  to  be  on  an  equatorial  beta  plane  (e.g.  Veronis,  1963a,  b)  with 
the  Coriolis  parameter  f = fiy. 

Vertical  eddy  diffusion  is  to  be  the  principal  dissipative  mechanism  in  the  model. 
We  choose  H>  to  be  100  meters  (one  half  of  the  depth  of  the  active  layers)  and  use 
(2.11)  to  relate  the  ICs  to  the  vertical  eddv  viscosity  coefficient  v,.  Knauss  (1966) 
calculated  a value  of  5 cm*  sec  by  fitting  a parabola  to  the  velocity  profile  of  the 
undercurrent  observed  in  the  Pacific.  Williams  and  Gibson  (1974)  applied  univcnal 
similarity  and  local  isotropy  assumptions  to  measurements  of  small  scale  tempera- 
ture fluemation  at  150W  and  a depth  of  100  m.  They  found  values  of  v,  of  25  cm 


sec"‘  at  the  equator  and  12  cm  sec~*  at  IN.  Chamey  (1960)  and  Charr.y  and 
Spiegel  (1971)  found  that  their  moaels  best  ht  the  observed  undercurrent  for  a value 
of  the  eddy  viscosity  in  the  range  14-17  cm*  sec~*.  In  the  light  of  this  evidence,  we 
use  15  cm*  sec~*  as  a standard  value  for  v^,  feeling  some  confidence  in  (at  least)  the 
order  of  magnitude  of  the  choice.  The  horizontal  eddy  viscosity  is  taken  small 
enough  to  have  negligible  effect  on  the  interior  dynamics.  A nonzero  value  is  needed 
if  the  boundary  conditions  (2.12)  are  to  be  satisfied. 

The  presence  of  the  surface  layer  introduces  another  parameter,  the  layer  depth 
t}.  The  numerical  value  we  attach  to  7}  will  determine  how  the  vertically  integrated 
transport  is  <livided  between  the  two  active  layers.  For  example,  if  77  = 25  m and 
ff,  the  total  depth  of  the  layer,  is  200  m,  then  u*  is  the  average  zonal  velocity  in  the 
top  25  m and  u*  is  the  average  zonal  velocity  in  the  next  175  m.  Their  depth- 
weigiited  sum  25  u*  + 175  u*  is  the  zonal  transport.  The  choice  of  the  surface  layer 
depth  has  two  effects  on  the  model  physics,  as  may  be  seen  by  considering  its  effect 
on  the  transport  equations.  Fu'St,  the  bottom  drag  is  proportional  to  the  lower  layer 
velocity,  whose  value  will  depend  on  the  value  of  77.  This  is  true  even  in  a linear 
model  (cf.  Sec.  3).  The  second  effect  is  nonlinear,  and  comes  about  because  we 
make  the  modelling  assumption  that  the  velocities  are  independent  of  depth  within 
each  layer.  This  means  that  the  way  we  choose  to  divide  up  the  average  velocity 
affects  the  size  of  the  nonlinear  terms. 

Because  the  choice  of  the  surface  layer  depth  does  affect  the  model  physics,  we 
seek  a physical  basis  for  determining  its  value.  Unfortunately,  the  available  observa- 
tional evidence  from  the  world’s  oceans  is  not  sufScient  to  help  us  choose  this  param- 
eter. We  make  the  choice  on  theoretical  grounds.  Consider  a shallow  homogeneous 
ocean  driven  by  an  imposed  wind  stress.  The  ocean  is  specified  to  be  shallow  so  that 
the  horizontal  component  of  „ie  Coriolis  force  may  be  ignored  everywhere.  Extra- 
cquatorially,  the  wind  stress  is  felt  in  an  Ekman  layer  of  depth  Dg  = {2vjf)i.  Be- 
low this  boundary  layer  (and  away  from  the  bottom)  the  dynamics  are  inviscid  and  it 
is  transmitted  via  the  boundary  layer  pumping  of  the  Ekman  layer.  (See,  for  ex- 
ample, Chamey,  1955;  Pedlosky,  1968;  or  Robinson,  1970  for  a detailed  account.) 
As  the  equator  is  approached,  the  Ekman  depth  Da  increases,  becoming  mfinite  at 
the  equator  in  the  absence  of  additional  dynamical  balances.  We  are,  however,  in- 
terested in  modelling  a parameter  range  when  the  wind  stress  is  sufficiently  strong 
and  the  value  of  the  vertical  viscosity  sufficiently  small  $0  that  inertial  effects  be- 
come important  in  the  vicinity  of  the  equator.  A measure  of  these  effects  in  the 
boundary  layer  is  the  Rossby  number  R«  based  on  the  boundary  layer  velocity.  For 
a wind  stress  per  unit  mass  of  magnitude  r the  velocity  scale  in  the  Ekman  layer  is 
given  by  C/  = r/(Dj/).  Then  Ro  = U/(/y)  = r (2vtj3’>'’]“*  so  that 

y = [r*/(2»^,/3')]‘^»  (2.13) 

The  inertial  terms  will  enter  into  the  boundary  layer  momentum  balance  (along 
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with  the  Coriolis  and  vertical  friction  terms)  when  Ra  — 0(1).  As  the  equator  is  ap- 
proached, Ro  increases  so  that  equatorward  of  some  latitude  Yc  the  inertial  effects 
will  prevent  the  boundary  layer  from  deepening  any  further.  In  fact,  if  the  velocities 
increase  toward  the  equator,  we  may  expect  that  the  boundary  layer  will  get 
shallower.  If  we  assume  that  the  boundary  layer  stops  deepening  when  R,  = .5  and 
use  the  values  in  Table  1 (i.e,  t = .5  cm*  sec~*,  v,  = 15  cm*  sec~‘),  we  obtain  Yc 
= 2°.  The  Ekman  depth  Ds  is  approximately  25  m at  this  latimde.  [Neither  of  these 
is  very  sensitive  to  the  prec^e  value  of  i?»  for  Ro  = 0(1).]  These  values  agree  well 
with  Chame,  and  Spiegel’s  (1971)  calculation  for  the  same  parameter  values  (see 
their  Fig.  1).  On  the  basis  of  this  argument  we  choose  the  value  17  = 25  m,  so  that 
our  surface  layer  will  contain  the  boundary  layer  to  be  expected  from  a continuous 
model. 

3.  Formulation  of  the  mathematical  problem 

To  facilitate  analytic  treatment  of  Eqs.  (2.7),  (2.9)  we  scale  the  variables  as  fol- 
lows: 

(j:,y)  = L (x'.y)  (n*,n‘)  = u (n^.u^O 

ri=R  a w,  = [uti/L]  w,' 

h = 8,  + [U^U/8lh!‘  T = T,T' 

t = Tf 

Here  8x  is  the  mean  depth  of  the  lower  active  layer  an  + 17. 

The  velocity  scale  is  related  to  the  wind  stress  magnitude  by  V = To 
We  take  the  length  and  time  scales  as  the  baroclinic  equatorial  ones  (e.g.,  Matsuno, 
1966;  Blandford,  1966):  L = (c//3)»  and  T = (c^)»  = where  c = (/fl)». 

These  length  and  time  scales  are  internal  scales,  picked  out  by  the  dynamics  of  the 
fluid  motions.  We  assume  that  the  wind  stress  is  a smooth  function  at  these  scales 
and  that  the  dimensions  of  the  basin  are  large  compared  with  L.  (For  the  values  in 
Table  1,1  = 296  km,  T = 42.6  hours  and  c = 1.92  m sec  ~‘.) 

Dropping  the  primes  and  denoting  differentiation  with  subscripts  the  scaled  equa- 
tions are: 


0,*  + c {(tt*  • V)  tt*  + ■ (u*  — n‘)}  + y k X u* 

= — Vh  + T/a  4-  V*  o'—yi  (a*  — u‘)/a  , 


+ « !(»■  • V)  .■  + ; K X 


= — Vh  + A V*  u*  + 


yt  (tt*-u») 


1— ot  ■+■  < 

w,  = a V • u* , 


1—0  -T  €h 


U‘, 


(3.1a) 


(3.1b) 

(3.1c) 
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(3.1d) 


ht  + (1-a)  V*u‘  + aV*n*  + «V*  {hi)  = 0 . 

where  the  foQowing  oondimensioaal  numbers  have  been  introduced: 

Rossby  number  c — U/{fiU)\ 

Horizontal  Ekman  number  A =VB/(fiL*y, 

Interfadal  Ekman  number  yi  = K/{fiLff)\  (3.2) 

Bottom  Ekman  number  y = Ks/ifiLR)', 

Nondimensional  boundary 
layer  depth  o = rj/fi. 

The  last  three  of  these  numbers,  while  logically  independent  as  the  model  is  for- 
mulated, are  all  related  to  vertical  friction  and  so  may  be  related  to  one  another. 
First,  with  iC  = JC*  we  have  yt  = y.  From  the  arguments  of  Sec.  2o  w-*  e,Tpect  17  to 
be  on  the  order  of  the  Ekman  depth,  tJ(,  at  the  edge  of  the  equatorial  boundary 
layer  y = L (since  L -■  Fe).  Now 

Vm  = {2vJf)K^L  = [2KH*/(^L)V-  = yi  [2H./R]i 

where  H*  is  a characteristic  layer  depth.  As  before  we  take  H*  = R/2,  so  o = 

0 {rit/R)  = 0 (y»). 

We  are  interested  in  parameter  ranges  for  which  vertical  friction  is  more  in,- 
portant  than  horizontal  friction:  A « y,  yi.  We  also  assume  that  yi  < 0(1).  (For 
the  values  of  the  parameters  given  in  Table  1 . a = .125,  .<4  = 10~*,  -y  = .01 1,  7;  = 
.1,  and  this  is  the  case.*)  Horizontal  friction  will  be  neglected  in  the  interior  of  the 
basin,  including  the  equator.  As  previously  mentioned,  A must  be  nonzero  to  allcw 
the  boundary  conditions  (2.12)  to  be  imposed;  if  .4  = 0 only  the  normal  component 
of  the  transport  may  be  set  to  zero.  Sidewall  boundary  layers  will  not  be  considered 
further  here.  Cane,  1975  contains  a thorrmgh  discussion  or  boundary  conditions 
and  sidewall  boundary  layers  in  this  model.  (See  Pedlosky,  1968  or  Robinson,  1970 
for  a discussion  of  sidewall  boundary  lay:ns  in  a continuoiis,  unstratified  ocean.) 

Since  it  is  the  linear  dynamics  of  the  model  which  are  to  be  investigated  analyti- 
cally, we  linearize  (3.1)  by  assuming  c 0.  It  is  convenient  for  this  analysis  to  intro- 
duce two  new  variables: 

ft  « (1  — o)  a‘  + a o';  ft  r*  a (u*  — u*)  (3.3) 

Then  by  taking  appropriate  combiations  of  (3.1a)  and  (3.1b)  one  obtains 

ftf  4- y k X ft  + £4  =s  t + /I  V’ 4 u , (3.4) 

3.  Neglect  cf  .4  ia  (3.U)  or  (3.4)  requires  neglect  in  (3.1b)  or  (3.5a)  requires  .4<y*, 

which  is  only  margmally  true.  The  analytic  results  should  be  in  qualitative  agreement  «nth  the 
linear  numerical  experifflents. 
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, fl,  + ykxft  + VA  = t + /4  V’a-y(ft-a),  (3it) 

A,  + V*a»0,  (3.5b) 

where 

£ = (l-o)-‘ [a-*  y/ + ayl  -0(y*).  (3.6) 

In  the  absence  of  bottom  friction  (y^)  then  equations  become  ucecupled:  a may 
be  determined  from  (3.4)  alone  and  fkjh  from  (3.S)  alone.  The  quantity  a is  the 
(scaled)  vertically  integrated  mass  transport  while  a is  the  frictional  layer  velocity; 
extra-equatorially  (y»£)  a is  just  the  Ekman  layer  transport.  From  (3.3)  we  may 
write 

B*  SE  q + o‘ , 

which  says  that  the  surface  velocity  is  given  primarily  by  fricdonal  effects  corrected 
by  the  interior  velocity  n^  Away  from  the  equator  becomes  geostrophic.  The 
variables  a,  a'  are  this  two-layer  model's  analogues  of  the  variables  used  bv  Phi- 
lander (1971)  in  his  analysis  of  the  dynamics  of  a continuous  shallow  equatorial 
ocean. 

4.  11m  interior  dicnlatioB:  aaalylk  results 

0.  Frictional  velocity.  Eq.  (3.4)  may  be  used  to  obtain  a since  the  term  involving 
a is  never  greater  than  0{E*)  relative  to  the  retained  terms.  This  equation  is  first 
order  in  time  with  only  a parametric  dependence  on  x and  y (with  /4=0),  and  so 
may  be  solved  readily  (or  arbitrary  wind  stress.  It  is  sufficient  to  treat  only  a wind 
stress  that  is  a step  function  in  time  switched  on  at  t=0.  In  this  case 

a » [£*  + {— y kXT  + Er}  x(l— exp  [(-£  + i y)r]}  (4.1) 

The  time  scale  tor  the  buildup  of  this  component  of  the  current  system  is  clearly 
£”*  — 20"  days  for  the  values  in  Table  1.  For  short  times  [t  « 0(£~‘)]  and  points 
sufficiently  near  the  equator  [|y|  « O(r~0I  (4.1)  simplifies  to  a s rc;  i.e.  the  solu- 
tion is  in  the  direction  of  the  wind  and  grows  linearly  with  time.  Right  at  the  equator 
the  solution  valid  for  ail  time  is  simply  fi  « t£~'  {l-e~**}  so  that  the  a at  the 
equator  is  always  in  the  direction  of  the  wind.  Its  magnitude  is  limited  by  the  fric- 
tion between  the  two  layers  and  approaches  £~^  |t|  for  times  long  compr'cd  with 
£~‘.  Away  from  the  equator  fi  approaches  the  Ekman  wind  drift,  ~y-*  k x t;  it  is 
directed  90”  to  the  right  Ceft)  of  the  wind  in  the  northern  (southern)  hemisphere. 

if* 

6.  Vertically  integrated  transport:  steady  state  circulation.  The  steady  state  form  of 
the  continuity  equation  (3.5b)  allows  us  to  define  a mass  transport  stream  function 

a * k X V ii> . (4.2) 

satisfying  ^ » 0 at  the  boundaries.  A vorticity  equation  nuy  then  be  derived  from 
(3.5a): 


39 


■yV*^  + «^r,  — k*V  XT  = yk*V  x u.  (4.3) 

For  the  momeat  we  set  the  right-hand  ride  of  (4.3)  to  zero,  reducing  it  to  the 
Stommel  (1948)  model  for  the  mass  transport  stream  function.  As  is  well  known, 
this  equation  admits  boundary  layers  at  the  zonal  boundaries  and  at  the  western  side 
of  the  barin,  but  not  at  the  eastern  side.  The  appropriate  boundary  condition  for  the 
interior  problem  is  ^ = 0 at  ;r  = Xg,  the  eastern  boundary.  Letting  t = (t>'>,  t<»*) 
the  interior  sdution  may  be  written 

^ k-VxTdx, 

(4.4) 

k • V X T + T"»]  dx  + T'»>  (x  = Xg)  dy 

If  the  wind  stress  curl  vanishes  everywhere  (e.g.  for  constant  z)  then  (4.4)  says  that 
there  is  no  vertically  integrated  mass  transport;  the  wind  stress  is  balanced  by  the 
pressure  gradient  force. 

In  the  absence  of  bottom  frictioa  the  steady  state  circulation  is  completely  de- 
scribed by  (4.1)  and  (4.4).  However,  with  y nonzero  the  right-hand  side  of  the  vor- 
tkity  equation  becomes  0(1)  in  a region  |y|  < O (£).  Hence  there  is  a region  at  the 
equator  in  which  the  circulation  controlled  by  the  interfacial  friction,  which  itself 
has  no  net  transport,  induces  a mean  circulation  via  bottom  friction.  Letting  { = 
£-»  y and  writing 

'it  (jc.y)  = (■*.>’)  + (■^>0  . (^-5) 

where  ir  is  the  stream  function  for  this  frictionally  induced  circulation,  we  note  that 
ir  depends  only  on  the  local  winds  at  the  equator.  Since  near  the  equator 

k . V X u - - U{‘*»  * £-*  {(1  + D-*  (C  r<»>  (x,y)  t<'>  (x,y))}; 

[cf.  (4.1)],  the  equation  for  tr  derivable  from  (4.3)  is 

ire:  + (4.6) 

where  a = y~‘£=  = 0(1).  The  solution  to  (4.6)  is  derived  in  Cane  (1975)  and  is 
depiaed  (for  m=l)  in  Figures  3 and  4 for  uniform  easterly  and  southerly  wind 
stresses. 

For  a zonal  wind  stress  the  net  transport  at  the  equator  is  in  the  direction  of  the 
wind.  This  is,  of  course,  contrary  to  whrt  is  observed  for  the  undercurrent  It  says 
that  we  most  look  to  other  (Le.  nonlinear)  effects  to  explain  the  undercurrent.  For  a 
meridional  wind  the  traiuport  will  be  in  the  direction  of  the  wind  drift  current  in 
both  hemispheres.  The  fluid  circuit  will  be  closed  by  a weak  interior  transport  di- 
rected opposite  to  the  wind  and  a downwind  flow  m the  western  boundary  layer. 
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Fifurt  3.  Th«  cqtutori&l  boundary  U)‘er  mau  txanaport  stxcam  function  11''*  (x.O  of  £q.  (3.16) 

for  a uniform  easterly  wind  r'*’  ® —1.  t'»‘  * 0. 

For  any  wind  stress  pattern  the  flow  will  be  predominantly  zonal  (?=0(rii)]  since 
flow  along  the  equator  is  favored.  The  diffusionlike  nature  of  (4.5)  means  that 
the  region  of  frictionally  induced  transport  will  broaden  from  east  to  west.  This 
description  will  be  compared  with  the  steady  state  linear  numerical  results  in  II. 

To  summarize,  we  have  found  that  the  steady  state  interior  circulation  consists  of 
two  parts.  The  first  port,  described  by  (4.1)  and  (4.3).  has  a Sverdrup  balance  every- 
where for  the  transport  and  essentially  a wind  drift  solution  for  the  boundary  layer. 
The  second  part,  described  by  (4.6),  is  important  in  a region  extending  about  300  km 
on  either  side  of  the  equator.  (Note  that  although  C = 1 corresponds  to  only  y = 
30  km,  variables  fall  off  slowly — like  in  some  cases.)  There  is  a net  transport  at 
the  equator  in  the  d'  caion  of  the  zonal  wind.  Return  flow  also  takes  place  within 
this  region. 

lliese  results  may  be  compared  with  those  of  Philander  (1971)  for  a homoge- 
neous ocean  continuous  in  the  vertical.  For  that  model,  the  frictional  layer  deepens 
toward  the  equator  and  e.xtends  throughout  the  ocean  at  the  equator.  The  boundary 
layer  in  which  this  happens  is  embedde*-!  in  a more  diffuse  boundary  layer  in  which 
bottom  friction  is  important.  There  is  a net  transport  in  the  direction  of  the  zonal 
wind  in  the  first  of  these  layers,  whicn  is  returned  in  the  broader  layer.  It  appean 
that  our  modeling  assumption,  which  fi.xes  the  boundary  layer  depth,  has  the  effect 
of  combining  these  two  layers. 

c.  Vertically  integrated  transport:  time  dependent  circulation.  .\s  with  the  steady 
state  soludon,  the  time  dependent  circulation  described  by  (3.5)  is  best  split  into 
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Figure  4.  The  equatorial  boundary  layer  mass  transport  stream  function  II'”  (x,Q  of  Eq. 

(3.16)  for  a uniform  northerly  wind  r'*’  = 0,  r'»’  = 1. 

two  parts.  By  neglecting  bottom  friction  in  (3.5a),  Eqs.  (3.5)  become  the  inviscid 
shallow  water  equations  on  an  equatorial  beta  plane,  which  may  be  solved  by  the 
methods  of  Cane  and  Sarachik  (1976,  1977)  for  all  cases  of  interest  here.  We  will 
use  their  results  in  subsequent  descriptions  of  linear  numeral  calculations,  but  for 
now  we  only  state  some  of  the  implications  of  their  work  for  the  spin-up  of  the 
present  model. 

Adjustment  toward  a final  steady  state  proceeds  from  east  to  west  and  is  accom- 
plished by  quasi-geostrophic  Rossby  waves  generated  at  the  eastern  boundary.  ITie 
timescale  for  adjustment  (the  “setup  time”)  depends  on  the  time  it  takes  for  these 
'waves  to  cross  the  basin,  and  so  is  a linear  function  of  the  zonal  extent  of  the  ocean. 
When  equatorial  Kelvin  waves  are  present  (as  is  usually  the  case)  the  adjustment 
does  not  proceed  smoothly  from  east  to  west.  Kelvin  waves  cause  mass  to  oscillate 
back  and  forth,  across  the  basin  so  that  the  final  state  is  not  approached  monotoni- 
cally  from  the  east  and  the  adjustment  time  is  lengthened. 

Extra-equatorially  ([y|  » £),  the  term  y (u-u)  in  (3.5a)  is  negligible  for  all  time, 
but  we  know  from  the  steady  state  solution  discussed  above  that  it  must  eventually 
become  important  in  the  equatorial  vorticity  balance.  By  rescaling  (3.5)  it  may  be 
shown  that  frictionally  induced  transport  has  a stream  function  a-  satisfying  the  time 
dependent  version  of  (4.6);  viz. 

(-|r  ^ ^ ■ 
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As  before,  £=£“'y  while  f.=-yr  so  that  this  component  of  the  transport  evolves 
on  a timescale  y~':  about  200  ^ays  for  the  values  in  Table  1.  The  height  deviation 
associated  with  this  transport  remains  small  [/i»0(£)}. 

5.  CondnsioD 

The  principal  purpose  of  this  paper  has  been  the  development  of  a simple  model 
suitable  for  numerical  experiments  designed  to  give  insight  into  the  dynamics  of  the 
equatorial  ocean  circirlation.  There  are  two  layers  above  the  thennocline  with  no 
density  difference  between  them.  The  ocean  below  the  thennocline  is  modeled  as  a 
resting  layer  with  a higher  constant  density.  The  surface  layer  is  taken  to  be  of  con- 
stant depth  while  the  depth  of  the  lower  active  layer  is  dynamically  determined.  The 
two  active  layers  exchange  mass  (and  momentum,  energy,  etc.)  via  the  vertical 
velocity  at  their  interface.  They  are  also  fricdonally  coupled.  This  is  the  simplest 
vertical  structure  that  allows  a steady  state  undercurrent 

In  our  model  the  wind  stress  is  taken  up  directly  by  the  surface  layer,  which  thus 
acts  like  an  Ekman  layer  in  a vertically  continuous  but  homogeneous  ocean.  In  a 
more  realistic  model — or  the  real  ocean — it  is  the  surface  mixed  layer  that  directly 
absorbs  the  wind  stress  and  turbulently  mixes  the  momentum  input  more  or  less 
uniformly  throughout  the  depth  of  the  layer. 

Strictly,  the  wind  stress  enters  the  momentum  equations  as  a boundary  condition 
on  the  vertical  shear.  By  integrating  these  equations  in  the  vertical  a layer  model  is 
obtained  in  which  the  stress  appears  as  a body  force  driving  the  total  momentum  in 
the  surface.  As  shown  in  Sec.  2 the  conventional  layered  model  (in  which  the  layer 
below  the  surface  has  a different  density  and  there  is  no  mass  exchange  between 
layen)  permits  a steady  state  solution  in  which  there  is  no  motion  for  a curl-free 
wind  stress.  Such  a model  can  miss  the  undercurrent  when  it  should  be  present. 
More  generally,  these  models  will  underestimate  inertial  effects  because  the  effect 
of  the  wind  stress  is  averaged  over  too  great  a depth.  The  mean  velocity  of  the  layer 
is  much  smaller  than  the  velocity  to  be  expected  in  the  surface  mixed  (or  Ekman) 
layer.  (It  is  this  turbulent  surface  layer  that  first  becomes  nonlinear.)  For  example, 
the  calculation  of  O’Brien  and  Hvrlbut  (1974),  while  formally  nonlinear,  shows 
nearly  linear  behavior  because  the  direct  effect  of  the  stress  is  not  confined  to  a suffi- 
ciently shallow  surface  layer. 

The  linear  steady  state  vertically  integrated  transport  is  given  primarily  by  the 
Sverdrup  (1947)  balance.  For  spatially  constant  winds  this  Sverdrup  transport 
vanishes.  If  the  stress  at  the  model  thermocline  is  nonzero,  there  is  additional  verti- 
cally integrated  transport  in  a frictional  boundary  layer  centered  on  the  equator. 
This  layer  thickens  from  east  to  west  The  interior  transports  are  predominantly 
zonal;  a boundary  current  is  required  at  the  western  side  to  close  the  fluid  circuit. 
A zonal  wind  stress  produces  a net  transport  in  the  direction  of  the  wind  at  the 
equator.  This  result  shows  that  the  linear  model  cannot  produce  vertically  integrated 


transport  in  the  same  direction  as  the  observed  (and  model)  undercurrent.  The  non- 
linear dynamics  must  be  included  to  get  the  correct  result. 

Two  timescales  for  the  evolution  of  the  circulation  are  revealed  by  the  analysis 
of  the  time  dependent  equations.  The  time  for  the  boundary  layer  flow  a to  become 
established  is  Ofy^O  — about  20  days  for  the  parameters  used  in  this  model.  The 
transports  (or  lower  layer  flow)  caimot  be  establishel  until  the  basin-wide  pressure 
gradients  are  set  up.  This  requires  that  mass  be  moved  longitudinally  across  the 
basin,  a task  accomplished  by  equatorial  Kelvin  and  Rossby  waves.  The  setup  time 
thus  depends  on  the  zonal  extent  of  the  ocean.  It  also  depends  on  the  nature  of  the 
forcing;  the  setup  time  is  longer  when  Kelvin  waves  are  a significant  part  of  the 
ocean’s  response.  In  all  cases  the  setup  time  will  be  at  least  100  days  for  the  present 
model. 

Because  (at  least)  the  surface  velocities  in  the  vicinity  of  the  equator  quickly 
become  large,  it  is  clear  that  the  flow  becomes  nonlinear.  The  nonlinear  dynamics 
are  investigated  numerically  in  II.  Those  numerical  experiments,  together  with 
similar  experiments  on  the  linear  dynamics,  will  be  interpreted  in  the  light  of  the 
analytic  results  reported  here. 
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The  response  of  an  equatorial  ocean  to  simple  wind  stress 
patterns:  n.  Numerical  results 

by  Mark  A.  Cane^ 

ABSTRACT 

The  model  developed  by  Cane  (1978)  U used  to  study  the  wind-driven  cimiladon  in  an  equa- 
torial ocean.  Simple  wind  street  patterns  are  imposed  and  the  model  evolution  and  eventual 
steady  state  are  calculated  numerically.  Both  linear  and  fully  nonlinear  responses  are  discussed; 
dynamical  arguments  are  presented  to  account  for  the  principal  features. 

The  setup  time  in  the  model  experiments  was  on  the  order  of  several  hundred  days,  with  the 
implication  that  none  of  the  worid's  equatorial  oceans  is  in  equilibrium  with  the  seasonally 
varying  winds.  The  Atlantic  and  Indian  Oceans  will  be  cloee  to  this  equilibrium  state  while  the 
uidcr  Pacific  will  not.  Nonlinear  effects  become  significant  within  two  weeks.  Depending  on 
the  form  of  the  wind  stress,  the  inclusion  of  nonlinearities  may  either  lengthen  or  shorten  the 
corresponding  linear  spin  up  time. 

The  nonlinear  responses  to  zonal  winds  included  a strong  eastward  equatorial  undercurrent, 
in  agreement  with  observations.  Other  aspects  of  the  flow  qualitatively  resemble  the  linear  re- 
sponse and  are  largely  e.xpUcable  in  terms  of  wave  dynamics.  With  easterlies,  the  undercurrent 
requires  a basin-wide  zonal  pressure  gradient:  the  dynamics  are  nonlocal  and  the  undercurrent 
takes  seveiul  months  to  reach  full  strength.  With  westerlies  (as  in  the  Indian  Ocean)  the  sub- 
surface eastward  flow  is  caused  by  frictional-inertial  dynamics  that  are  local  and  rapid:  this 
undercurrent  reaches  full  strength  within  one  week,  consistent  with  observations  at  Gan  (Knox, 
1976). 

The  nonlinear  response  to  a southerly  wind  stress  is  inertially  determined  and  wave  concepts 
are  inapplicable.  There  is  an  intense  eastward  "countercurrent’*  at  3N,  entirely  independent  of 
the  wind  stress  curt.  The  zotud  mean  state  is  barotropically  unstable  and  westward  propagating 
waves  appear.  With  soutbeasterlies  there  is  an  eastward  jet  at  4N  and  undercurrent  shifts  south 
of  the  equator,  meandciing  with  longitude.  The  purely  zonal  wind  cases  are  stable,  suggesting 
that  observed  instabilities  are  due  to  the  equatorial  current  system  u a whole  and  not  the  un- 
dercurrent itself.  Additional  theoretical  and  observational  implications  of  these  results  are 
discussed. 

L Inlrodacdon 

In  this  paper  the  response  of  a bounded  equatorial  ocean  to  an  imposed  wind 
stress  is  studied.  It  is  an  extension  of  previous  invesdgadons  (especially  Chamey  and 

I.  NASA/ Goddard  Space  Fli|ht  Center,  Laboratory  for  Aunosphenc  Sciences,  Crccnbcit,  Mary- 
land. 70771.  U.SA. 
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Tkbl«  1.  Standard  values  of  model  parametcn. 


Paramettr 

Value 

T 

.465  dyn  cm~*/(sm  cm“0 

r 

.1724  nu«c“* 

5.86  X 10*  cm*  see-* 

15  cm*  lec"^ 

K 

1.5  X 10-*  msec-* 

K, 

1.5  X 10-*  msec-* 

X, 

28.6*  (3184  km) 

h 

15* 

ft 

-15* 

n 

25m 

/?. 

175  m 

P 

2.2  X lOr-um-iec-* 

Remarks 

Wind  stress  per  unit  mass 
“reduced  gravity"  g*  = g (p»--p»)/p«  for 
(p.-pO/p.  = 1.76  X 10-* 
coefficient  of  horizontal  viscosity 
coefficient  of  vertical  viKOsity 
interfacial  friction  parameter:  JC  = ¥,IH* 
for  ff*  = 100  m 

bottom  friction  parameter;  K,-K 
zonal  extent  ot  the  basin 
basin  walls  are  at  15N  and  15S 

depth  of  upper  layer 
mean  value  of  the  lower  layer  depth  It 
» {df/dy)^  » 2a/R  where  fl  = 

2ir  day~'  and  R is  the  radius  of  the  earth 


Spiegel,  1971)  to  include  zonal  variations  of  the  oceanic  currents  as  well  as  time 
dependence.  The  intent  is  to  experiment  with  a laboratory*Uke  model  to  gain  some 
insight  into  equatorial  dynamics.  We  do  not  attempt  to  achieve  a close  mimicry  of 
the  real  ocean.  The  linear  dynamics  were  explored  rather  thoroughly  by  analytic 
methods  in  Cane  (1979),  henceforth  referred  to  as  I.  Here  we  will  report  on  numeri- 
cal calculations  of  both  the  linear  and  die  fully  nonlinear  responses.  Comparisons 
will  be  made  with  the  analytic  results  of  I and  additional  simple  analytic  models 
will  be  invoiced  to  explain  some  of  the  phenomena  observed  in  the  computations. 

The  remainder  of  this  section  is  a brief  account  of  the  physical  model,  while  Sec. 
2 describes  the  numerical  methods  used  to  obtain  solutions.  The  six  sections  that 
follow  present  the  results  of  experiments  with  simple  wind  stress  patterns.  The  final 
section  discusses  the  implications  of  these  results  for  the  world’s  oceans. 

The  physical  model.  The  physical  model  was  formulated  in  I.  That  paper  also  has 
a lengthy  discussion  of  the  choice  of  values  for  Che  governing  physical  parameters; 
the  results  are  summarized  in  Table  1.  The  model  is  time  dependent  and  treats 
fully  variations  in  both  the  zonal  and  meridional  directions.  The  vertical  structure 
consists  of  two  layers  above  the  thermocline  with  the  same  constant  density  (Fig.  1). 
The  ocean  below  the  thermocline  is  taken  to  be  of  a higher  constant  deiuity  and  to 
be  approximately  at  rest.  The  upper  of  the  two  active  layers  is  a constant  depth  sur- 
face layer  which  is  acted  upon  directly  by  the  wind  stress.  The  lower  active  layer 
is  not  directly  affected  by  the  wind.  Its  depth  is  variable,  with  the  variations  being 
dynamically  determined.  The  two  layers  communicate  via  the  vertical  velocity  at 
their  interface,  as  well  as  frictionally.  Extra-equatorially,  this  structure  is  equivalent 
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to  a siirface  Ekman  layer  aad  an  interior  in  which  the  currents  are  in  geostrophic 
balance. 

The  layer  configuration  described  above  allows  for  the  vertical  inhomogeneity 
that  results  from  the  wind  stress  being  felt  directly  by  the  ocean  at  the  surface  but 
only  indirecdy  below  (e.g.,  via  boundary  layer  pumping).  If  the  wind  stress  has  no 
curi,  the  more  usual  layered  model  with  each  layer  having  a different  density  (e.g., 
Chamey,  1955)  admits  a steady  state  solution  in  which  each  interface  tilts  in  such 
a way  that  there  is  no  motion  in  any  of  the  layen.  The  present  model  has  the  sim- 
plest vertical  structure  that  pennits  a steady  state  undercurrent 
As  in  I the  equations  are  nondimensionalized  to  facilitate  our  analysis.  Letting 

8 — + j),  L = T = 03L)“‘  and  U = TtiBfiL)-^  we  scale  the  vari- 

ables as  follows: 

(x,y)  = L(x'yO, 

If  = Ba,  Wt  * [UB/L]w/, 

h^Bi+mL*/r]h'. 
t = Tf. 

Dropping  the  primes  the  governing  eqations  become  (cf.  I): 


n,*  + e{(B»  • V)  B*  + (o*  — a*)}  + y k x ii* 

» — VA  + T/a  4-  A W — (1-a)  yi  (b*-u‘)  ; 


u,‘ + € {(a‘ • V)  u‘ + + y k X U‘ 


(1.1a) 


(1.1b) 
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% 


(1.1c) 

(l.ld) 


= a V • o* ; 

hi  + (1-a)  V‘u‘  + aV*B*  + €V*  (An‘)  = 0 . 
where  the  following  noodimensional  numbers  have  been  introduced: 


Rossby  number 


Horizontal  Ekman  number  A^vg/ifiL*)', 

Interfacial  Ekman  number  yt  — JC/(/3Lfla[l-a]); 

Bottom  Ekman  number  y — Kt/(J3Lff)‘, 

Nondimensional  boundary  layer  depth  a = 17//?. 

The  boundary  conditions  are  that  at  all  lateral  boundaries  u^=u*=0.  The  parameters 
are  chosen  so  that  the  vertical  eddy  exchanges  dominate  the  horizontal  ones.  How- 
ever, as  discussed  in  I,  the  horizontal  eddy  viscosity  must  be  nonzero  to  allow  these 
boundary  conditions  to  be  imposed. 

Some  of  the  s>'mbols  appearing  above  are  defined  in  Table  1 or  Figure  1;  the 
others  foUow  standard  oceanographic  usage.  The  model  ocean  is  taken  to  be  on  an 
equatorial  ^-plane  so  that  the  Coriolis  parameter  is  given  by  / = /3y.  Eastward  and 
northward  distances  are  given  by  the  Cartesian  coordinates  x and  y,  respectively, 
with  the  origin  of  the  coordinate  system  at  the  intersection  of  the  equator  with  the 
western  boundary.  The  operators  V and  have  their  usual  two  dimensional  mean- 
ings. The  surface  layer  velocity  a*  has  components  1/  in  the  eastward  and  v*  in  the 
northward  direction.  Similarly,  the  velocity  of  the  lower  layer,  u‘  = (u‘,v‘).  Note  that 
w,  is  the  surface  layer  suction:  i.e.,  the  rate  of  exchange  between  the  layers  of  vol- 
ume per  unit  area.  This  is  not  the  same  as  the  vertical  velocity  at  the  interface, 
w(z,)  mt  dz^/dt. 

It  will  prove  useful  to  introduce  two  quantities  defined  in  I: 


u = au*  T-  (1— a+«/i]  u‘;  u = a (u*— u^); 


(1.3) 


where  u is  the  verticcdly  integreued  transport  and  u is  the  frictional  boundary  layer 
transport  (see  D.  In  mid-latitudes  u is  the  Ekman  layer  transport.  Eqs.  (1.1)  may  be 
Unearized  about  a resting  basic  state  with  a mean  lower  layer  depth  (i.e.,  h = 
o*  = = 0)  by  setting  « wi  0.  Then  it  was  shown  in  I that  the  governing  equations 

for  u and  h are  just  the  linear  shallow  water  equations  driven  by  the  wind  stress  r. 
A method  for  solving  the  time  dependent,  inviscid  version  of  these  equations  has 
been  given  by  Cane  and  Sarachik  (1976,  1977,  1979)  henceforth  CSI,  CSII  and 
CSIII.  The  growth  of  u results  from  the  wind  driving  x and  is  limited  by  Coriolis 
effects  extra-equatorially  and  by  the  interfaciai  friction  near  the  equator  (see  I)- 


49 


14.- 


la.- 


10.- 

m 

o 

3 •.- 


4 •- 

.J 

4.- 

l.- 


0.0-, 

0.0 


I 

10. 


I 

12. 


I 

14. 


UONOITUOt 


Figure  2.  Grid  configuration.  Only  Vi  of  the  full  grid  is  shown;  the  grid  is  symmetric  about 
the  equator  and  the  longitude  x — 14.3*.  In  this  and  subsequent  figures  latitude  and  longi* 
hide  are  given  in  degrees  (1  degree  ~ 1 1 1 km.) 


2,  Numerical  methods 

The  methods  used  for  the  numerical  solutions  of  (1.1)  are  described  in  detail  in 
Cane  (1975).  The  salient  features  will  be  discussed  briefly  here. 

a.  Grid  configuration.  An  unstaggered  variable  size  grid  mesh  is  employed  to  allow 
increased  resolution  for  the  sidewall  boundary  layers  and  along  the  equator.  The 
grid  points  are  shown  in  Figure  2.  Following  a suggestion  of  M.  Israeli  (Orszag  and 
Israeli,  1974)  the  location  x«  of  the  ith  point  in  physical  space  is  determined  by 
solving  an  equation  of  the  form 

j:<*  = a + + I ay  tan~‘  (Xi  - y-)]  (2.1) 

i 

SO  that  the  points  x<*  in  the  “computational  space’’  are  equally  spaced;  i.e.  (2.1)  is 
solved  for  the  x<  thi.t  gives  = (i-l)Ax.  Many  of  the  figures  (e.g.  Fig.  6)  are 
plotted  in  the  computadoo  coordinate  x*  rather  than  the  physical  coordinate  x in 
order  to  increase  the  visual  area  devoted  to  regions  of  interest  (e.g.  the  equator).  In 
(2.1)  is  (a  measure  of)  the  thickness  of  the  boundary  layer  zt  x and  ay  is  a 
weighting  factor  determining  how  many  mesh  points  will  be  in  this  boundary  layer. 

b.  Time  differencing.  Time  marching  is  accorr.plished  with  the  N-cycle  scheme  of 

Lorenz  (1971)  with  iV  = 4.  This  scheme  is  second  order  in  time  (fourth  order  for 
linear  equations).  In  the  calculations  reported  here  we  use  a timestep  of  (40)  - 

1 hour. 
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c.  Spatial  differencing.  All  derivatives  are  approximated  by  centered  fourth  order 
finite  differences  in  the  interior  and  by  third  order  differences  at  the  points  on  and 
immediately  adjacent  to  the  boundary.  Since  the  spacing  at  the  boundary  is  smaller 
than  in  the  interior,  this  does  not  degrade  the  overall  accuracy.  The  finite  difference 
approximation  D is  made  in  the  computational  space  where  the  grid  points  x«*  are 
equally  spaced.  D may  be  related  to  the  desired  derivative  df/dx  in  the  physical 
space  by 

df  ^ ^Jf 

3.r  dx  5-t*  dx 

where  dx*/dx  is  calculated  (analytically)  from  (2.1). 

The  equations  are  differenced  in  a conservation  form;  that  is,  the  spatial  differenc* 
ing  is  such  that  in  the  absence  of  sources  and  sinks  momentum,  energy  and  mass 
would  be  conserved.  The  exception  to  this  is  that  the  treatment  of  boundary  points 
does  not  identically  conserve  these  properties.  Tests  showed  the  leakage  of  mass 
and  energy  at  the  boundaries  to  be  negligibly  small  (the  order  of  computational 
round-off  errors). 

d.  Gravity  wave  treatment;  smoothing.  The  use  of  conservation  forms  does  not 
prevent  short  wave  length  computational  modes  (e.g.  “checkerboard  instabilities") 
from  growing  to  noticeable  size.  Physically,  one  expect  gravity  waves  to  adjust  the 
flow  to  a more  slowly  varying  (e.g.  geostrophic)  balance  by  propagating  away  such 
small  scale  disturbances.  Mesinger  (1972)  has  pointed  out  that  the  usual  numerical 
treatments  of  gravity  waves  fails  to  couple  the  grid  points  properly.  This  accounts 
for  the  disparity  between  their  physical  and  numerical  roles. 

The  simplest  set  of  linear  equations  describing  gravity  waves  is 

= = (2.2) 

The  finite  difference  analog  is  obtained  by  replacing  d/dx  by  a finite  difference  ap- 
proximation D/. 

u,  = -gDJt-,  h,  = -HD.U  . (2.3) 

From  (2.2)  a single  equation  in  /j  is  readily  derived: 

h,t  = gWi.,  (2.4) 

The  analog  obtainable  from  (2.3)  is 

h„  = gHD,  (D^) . (2.5) 

Note  tJiat  the  second  derivative  in  (2.4)  has  been  replaced  by  two  successive  fint 
derivative  appro.ximations  Dy  instead  of  a second  derivative  approximation  D„. 
For  second  order  centered  differences  and  a two  grid  point  wave,  fu  ■§  h (x,)  = 
(-1V,  the  right-hand  side  of  (2.5)  is  zero,  so  that  (2.5''  fails  to  propagate  the  wave. 
On  the  other  hand  D..jh,  = ~A\x~-h,  = 0. 


Figure  3.  Evolution  of  energiei  in  the  linear  response  to  an  easterly  wind.  Potential  energy 
(P£),  and  kinetic  energy  in  the  surface  layer  {KE.)  and  lower  layer  (KEi)  for  tlie  equatorial 
region  (5.6S  to  5.6N)  are  shown.  The  unit  of  energy  is  10*  where  R “ 6367  km  ii 

the  radius  of  the  earth. 


Our  method  of  treating  gravity  waves  amounts  to  replacing  the  D/-  operator  in 
(2.5)  with  D„  in  order  to  retain  the  proper  coupling  between  successive  mesh  points. 
(The  impleraemation  is  straightforward  but  the  details  are  lengthy  and  will  be  omitted 
here;  see  Cane,  1975,  Appendix  B.)  Equivalently,  it  amounts  to  adding  a smoother 
S,  M gH  Since  D„  and  D,  are  the  4th  order  so  is  S,  and  the  formal  order 

of  accuracy  of  the  equations  is  unchanged.  Gravity  waves  in  two  dimensions  require 
adding  operators  5,  to  the  u,  5y  to  the  v and  5..  and  S,  to  the  h equations.  In  addi> 
tion,  it  was  necessary  to  add  smoothers  in  the  cross  stream  direcdon  (i.e.  S,  to  the 
u and  S,  to  the  v equations)  because  the  horizontal  viscosity  used  in  the  computa> 
dons  is  too  small  to  suppress  two-grid  point  waves  where  the  mesh  spacing  is  large. 

3.  Linear  response  to  a uniform  easterly  wind 

The  model  equadons  are  linearized  by  setdng  c = 0 in  Eqs.  (1.1);  all  model 
parameter  values  are  as  given  in  Table  1 with  a uniform  easterly  wind  stress  switched 
on  at  ( 3s  0.  The  linear  dynamics  may  be  understood  rather  thoroughly  in  terms  of 
the  analytic  results  in  I and  CSI,  II,  III.  [CSin,  Sec.  5 has  a detailed  account  of  the 
early  suges  of  spinup  for  the  shallow  water  equadons.]  We  present  the  linear  numeri- 
cal results  here  for  the  considerable  light  they  shed  on  the  coniine  ..r  dynamics  to  be 
discussed  in  the  following  secdoiu;  our  discussion  will  be  focused  accordingly. 

The  surface  flow  n*  is  approximated  well  by  the  boundary  layer  velocity  u [see 
(1.3)].  The  latter  evolves  to  a steady  sute  on  the  frictional  timescale  of  20  days 
(see  Fig.  3).  Extra-equatoriaily,  it  approaches  the  Ekman  wind  drift  solunon;  flow 
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Figure  4.  Sections  of  layer  depth  deviation,  h,  along  the  equator  at  8 day  intervals  in  the  linear 
response  to  an  east  wind.  Each  solid  curve  is  labelled  with  the  time  in  days.  The  dashed  line 
is  the  steady  inviscid  solution  (3.2). 


is  poleward  in  both  hemispheres,  resulting  in  intense  upwelling  at  the  equator.  Right 
on  the  equator  the  flow  is  westward,  in  the  direction  of  the  wind,  with  the  turning 
from  we;\tward  to  poleward  occurring  within  a degree  of  the  equator  in  a boundary 
layer  in  which  interfacial  friction  (y:)  is  important.  Figure  3 shows  that  the  lower 
layer  currents  are  much  weaker  than  those  in  tht  surface  layer.  The  linearized  dy- 
namics do  not  allow  vertical  advection  of  momentum  and  the  frictional  and  pressure 
forces  are  not  capable  of  generating  strong  currents. 

The  time  dependent  solution  for  the  vertically  integrated  transports  and  the  layer 
depth  h may  be  found  by  the  methods  of  CSI,II.  It  has  H and  h symmetric  and  v 
antisymmetric  abc  .t  the  equator.  Li  the  absence  of  boundaries,  this  part  of  the 
model  response  would  consist  of  inertia-gravity  waves  together  with  functions  of 
the  form 


(.a,vJi)  = (U(y)t,Viv),H(y)i)  (3.1) 

(These  functions  are  depicted  in  CSI  Figure  8a  for  the  wind  stress  r'*’  = 1,  which 
is  just  (he  negative  of  the  present  case.)  U and  H are  equatorially  confined,  while  V 
goes  to  zero  at  the  equator  and  approaches  -T‘*Vy  as  y increases.  Most  of  the 
energy  put  in  by  the  wind  goes  into  (3.1);  relatively  little  goes  into  the  inertia-gravity 
waves. 

We  anticipate  that  (with  the  exception  of  the  frictional  equatorial  boundary  layer 
described  in  I and  discussed  further  below)  the  final  state  will  be  one  in  which  there 
is  no  motion  and  the  surface  tilts  up  uniformly  from  east  to  west  to  balance  the  wind 
stress: 


4f 
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Figore  5.  Sections  of  layer  depth  oeviation,  h,  alone  the  central  longitttde  x = 14.3*  at  80  day 
inteivali  in  the  linear  response  to  an  easteriy  wind.  Labels  give  the  time  in  days. 

a = 9 = 0;  A = {x-Xm/2)  t'*>  . (3.2) 

The  adjustment  to  a final  state  will  be  accomplished  by  the  boundary  effects  on  the 
secularly  growing  part  of  (3.1).  [See  CSII  and  CSm  for  a detailed  discussion.]  Both 
the  eastern  and  western  boundaries  participate  activiely  in  the  adjustment  process 
because  the  pp  mce  of  the  eastward  travelling  Kelvin  mode  makes  it  impossible 
for  the  adjustment  to  proceed  solely  from  the  east  (Sec.  6 offers  a contrasting  case.) 
The  Kelvin  wave  has  ne^gible  amplitude  ertra*equatoriaIly,  influencing  that  region 
only  via  the  modes  generated  when  it  is  reflected  at  the  eastern  end  of  the  equator. 
Hence,  all  the  extra*equatorial  adjustment  proceeds  from  east  to  west  The  more 
equatorially  confined  modes  travel  the  most  rapidly  so  the  equatorial  region  adjusts 
more  rapidly. 

The  final  state  is  not  iq)proached  monotonically;  for  example,  the  gradient  of  h 
tends  to  “overshoot”  its  final  value.  This  is  evident  in  the  energy  curves  (Fig.  3) 
with  the  uost  striking  oscillations  occurring  in  the  potential  energy.  These  oscilla- 
tions are  related  to  the  reflections  from  the  basin  walls  described  in  CSII.  That 
analysis  shows  that  the  adjustment  should  have  z periodicity  of  47,  where  7 is  the 
time  for  a Kelvin  wave  to  cross  the  basin.  The  additional  37  is  the  crossing  time 
for  the  n as  1 Rossby  wave  generated  by  the  Kelvin  wave  at  the  eastern  boundary. 
Dimensionally  7 is  19.8  days  so  the  predicted  47  periodicity  is  e.xcellent  agree- 
ment with  the  80  period  observed  in  F..  -e  3. 

Figure  4 shows  profiles  oi  the  Uyei  . ,?th  at  the  equator  at  various  times.  If  the 
height  were  set  up  to  balance  the  wind  stress  (3.2),  the  layer  depth  profile  would  be 
a straight  line  21.8  m below  (above)  the  mean  value  at  the  eastern  (western)  side 
(the  dashed  line  in  Fig.  4).  During  the  course  of  the  adjustment  the  profile  tends  to 
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Figun  6.  Linear  response  to  an  easterly  wind  at  day  40.  Note  that  the  coordinates  are  stretched, 
(a)  Surface  layer  velocity,  u*.  Dotted  arrows:  0-2  cm  s~*;  full  arrows:  2-20  cm  s~*;  double 
arrows:  20-200  cm  s~‘.  (b)  Lower  layer  velocity,  u*.  (c)  Layer  depth  deviation,  h.  Contour 
interval  is  10  m. 

be  below  this  final  value  everywhere.  The  profile  at  8 days  shows  a flat  center  sec- 
tion in  which  the  boundary  influences  have  not  been  felt;  here  k is  decreasing  in  ac- 
cordance with  the  unbounded  solution  (3.1).  At  this  time,  the  Kelvin  mode  gen- 
erated at  the  western  boundary  has  propagated  12°  into  the  basin.  This  is  evident 
in  the  sloping  region  at  the  western  side  of  the  basiu.  Near  x = 0 there  is  also  evi- 
dence of  the  effect  of  the  boundary  crapped  modes.  At  the  eastern  side  there  is  an- 
other sloping  piece  to  the  profile  extending  4°  into  the  basin.  This  is  due  to  the 
Rossby  modes  generated  at  the  boundary;  the  fastest  of  these  (the  one  with  merid- 
ional index  n s 1)  would  have  propagated  4°  at  this  time. 

At  13  days  the  two  boundary  influences  meet  at  a point  three-quarters  of  the  way 
across  the  basin.  Until  this  time,  the  magnitude  of  the  westward  zonal  transport 
at  this  point  has  increased  according  to  (3.1).  Hereafter  the  slope  of  the  height  field 
at  all  longitudes  on  the  equator  will  be  up  toward  the  west,  thus  reducing  the  zonal 
acceleration.  In  fact,  it  is  evident  from  Figure  4 that  by  24  days  this  gradient  is 
generally  sufScient  to  balance  the  wind  stress  so  that  the  magnitude  of  the  westward 
transport  will  no  longer  increase.  The  slopes  at  the  eastern  side  become  steeper 
than  what  is  required  to  balance  the  nind  stress  so  that  the  transport  here  becomes 
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eastward  and  the  layer  deepens.  This  region  of  eastward  flow  is  behind  the  fnmt 
formed  by  the  Rossby  modes  which  are  the  reflections  of  the  first  Kelvin  mode  to 
cross  the  basin.  The  region  propagates  out  from  the  eastern  boundary  beginning 
at  day  20. 

Consideration  of  the  zonal  transports  at  the  equator  indicates  that  the  equatorial 
region  takes  approximately  2S0  days  to  approach  its  final  steady  state;  this  time 
scale  agrees  with  the  energy  diagram.  Figure  3.  At  each  Icn^tude  the  »teady  state 
layer  depth  profile  is  a straight  line  independent  of  latitude  [cf.  (3.2)].  At  all  longi* 
tudes  this  is  attained  more  rapidly  close  to  the  equator.  Near  the  eastern  wall  h is 
close  to  its  steady  value  at  ail  latitudes  after  300  days.  At  the  center  of  the  basin  the 
profile  still  shows  some  deviation  from  the  expected  final  value  h = 0 poleward  of 
about  7®  (Fig.  5).  There  is  a strong  tilt  at  the  northern  and  southern  walls  to  geo- 
stiophically  balance  the  boundary  jets  present  there  [cf.  CSm].  Profiles  near  the 
western  boundary  are  even  further  from  their  steady  state  values.  As  was  previously 
mentioned,  analytic  theory  predicts  that  the  pattern  of  adjustment  will  be  from  east 
to  west  and  from  the  equator  poleward. 

At  40  days  (Fig.  6)  the  layer  depth  changes  are  largely  confined  to  the  boundaries, 
an  area  within  7°  of  the  equator,  and  the  eastern  side.  Some  of  the  slowly  propagat* 
ing  Rossby  modes  generated  at  r = 0 already  have  moved  away  from  the  eastern 
boundary.  This  is  clear  from  the  extra-equatorial  flow  pattern.  Behind  Ci.e.,  to  the 
east  oO  this  region  of  equatorward  flow  in  the  lower  layer  (Fig.  6b)  there  is  a region 
of  poleward  flow  due  to  the  reflection  of  the  Kelvin  modes  which  arrived  at  the  east- 
ern side  at  day  20.  The  lower  layer  flow  is  eastward  at  all  longitudes  on  the  equator. 
This  transient  “undercurrent"  is  weak  (u*  <.10  m sec~‘)  and  narrow,  with  a fric- 
tionally  determined  half-width  of  less  than  50  km.  The  direct  cause  of  this  eastward 
flow  at  depth  is  the  pressure  gradient  force  (Chantey,  1960). 

By  397  days  (Fig.  7)  the  model  ocean  is  dose  to  a steady  state  vwhere  in  the 
basin  with  the  exception  of  the  northwest  and  southwest  comers.  j upper  layer 
is  given  primarily  by  a wind-dnft-frictional  balance  [see  I,  Eq.  (4.1)].  There  is 
strong  upwelling  along  the  equator  with  fluid  being  returned  to  the  lower  layer  in 
downwelling  regions  at  the  northern  and  southern  boundaries,  the  western  end  of 
the  equator,  as  well  as  the  latitudes  near  the  equator  (01^1“)  where  v*  decreases 
rapidly,  fhere  are  no  exceptionally  fast  boundary  currents.  The  “undercurrent" 
maximum  velocity  is  only  .2  m sec~'  and  its  half-width  is  only  .5°,  numbers  deter- 
mined by  the  vertical  eddy  viscosity. 

In  general,  the  lower  layer  flow  has  an  equal  and  opposite  mass  flux  so  that  the 
vertically  integrated  transport  is  zero.  However,  near  the  equator  there  is  a region 
of  net  transport  evident  in  Fig.  7b.  This  was  predicted  in  I:  this  net  transport  is 
induced  by  the  friction  at  the  bottom  of  the  lower  active  layer;  without  this  bottom 
friction  the  transport  would  be  zero  everywhere.  As  predic.ed,  this  circulation  oc- 
curs in  an  equatorial  boundary  layer  which  thickens  from  east  to  west,  with  pre- 
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Figure  7.  liaear  response  to  an  easterly  wind  at  day  397.  (a)  h.  Contour  interval  is  5 in.  (b) 
Zonal  transport  u.  Contour  interval  is  Z tn’  sec~‘. 

dominatdy  zonal  transports  increasing  toward  the  west.  Transport  at  the  equator 
is  in  the  direction  of  the  wind,  while  an  important  signature  of  the  observed  under- 
current is  that  the  vertically  integrated  transport  at  the  equator  be  large  and  east- 
ward. Nonlinear  dynamics  must  be  included  to  obtain  a realistic  undercurrent. 

4.  Nonlinear  response  to  a anifonn  easterly  wind 

In  this  section  we  consider  the  nonlinear  response  to  a uniform  east  wind.  Except 
for  the  nonlinearity  the  governing  parameters  are  identical  to  those  in  the  previous 
ection.  Among  the  simple  wind  stress  patterns  this  is  the  one  most  closely  related 
o the  undercurrent  in  the  .“Atlantic  and  Pacific  Oceans.  We  fim  give  a narrative 
descripuon  of  the  numerical  experiment  and  then  consider  the  governing  dynamics. 
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Figure  8.  Evolution  of  energies  in  the  equatorial  region  for  the  nonlinear  response  to  an  easterly 
wind.  Like  Fig.  3.  Initial  time  is  3 days. 

a.  Evolution  of  the  flow.  The  energies  (Fig.  8)  exhibit  striking  differences  from  those 
for  the  linear  response  to  the  same  forcing  (Fig.  3).  The  inclusion  of  vertical  mo- 
mentum advections  results  in  much  greater  kinetic  energy  in  the  lower  layer  while 
the  surface  layer  kinedc  energy  is  smaller  in  the  nonlinear  case.  The  upper  layer 
kinetic  energy  reaches  a peak  after  9 days,  after  which  it  falls  off  rapidly  until  day  40. 


Figure  9.  Secdons  of  h along  the  equator  at  3 day  intervals  in  the  nonlinear  response  to  an 
easterly  wind.  Like  Fig.  4. 
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Figure  10.  Sections  of  h along  the  central  longitude  x • 14.3*  a:  80  day  intervals  in  the  non* 

linear  response  to  an  easterly  wind.  Like  Fig.  5. 

During  this  initial  40  day  period  the  potential  energy  and  lower  layer  kinetic  energy 
both  rise  to  a peak.  The  loss  of  surface  layer  energy  to  the  lower  active  layer  via 
vertical  advections  is  not  fully  compensated  by  the  transfer  of  energy  from  the  winds 
to  the  ocean.  There  is  a strong  contrast  between  the  linear  and  nonlinear  responses 
in  the  oscillations  in  the  energy  curves.  (These  oscilladons  may  be  used  as  an  index 
of  the  tendency  to  “overshoot”  the  final  adjusted  state  as  the  flow  evolves.)  The  addi- 
tion of  nonlinear  effects  has  damped  die  tendency  to  oscillate  about  a final  steady 
state.  Furthermore,  the  nonlinear  steady  state  is  one  with  potential  energy  close  to 
the  maximum  value  the  system  attains  in  the  course  of  its  evolution,  while  the  linear 
steady  state  is  close  to  a minimum. 

We  can  see  how  these  differences  arise  by  considering  sections  of  layer  depth  h 
at  the  equator.  Figures  9 and  4 show  h at  the  equator  for  the  first  40  days  in  the 
nonlinear  axxl  linear  cases  respectively.  Throughout  this  period  there  is  little  difference 
in  the  two  cases,  except  at  the  eastern  side.  Recall  that  over  the  first  20  days,  the  linear 
response  built  up  a steeper  height  gradient  than  was  needed  to  balance  the  wind 
stress.  After  that  the  reflection  of  the  first  Kelvin  mode  to  arrive  from  the  western 
side  caused  the  layer  depth  to  decrease.  The  nonlinear  case  is  similar  for  the  first  20 
days,  but  the  eastern  boundary  response  to  the  first  signals  arriving  from  the  west- 
ern side  is  quite  different.  The  slope  of  h remains  steep  throughout  the  basin  with  a 
strong  boundary  layer  forming  at  the  eastern  wail.  Within  this  narrow  (1.5°  wide) 
layer  the  transports  impinging  on  the  eastern  wall  are  mmed  to  the  north  and  south. 
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Fifuni  11.  Noolinear  response  to  an  easterly  wind  at  day  40.  Like  Fig.  6.  (a)  n*  (b)  u*  (c)  h. 

Contour  interval  is  10  m. 

We  might  say  that  the  nonlinear  dynamics  respond  to  the  incoming  currents  at  the 
equator  by  forming  an  inertial  boundary  layer  whereas  the  linear  response  is  a re- 
flection. The  Rossby  modes  which  comprise  the  reflection  of  the  Kelvin  mode  in  the 
linear  theory  all  propagate  too  slowly  to  the  west  to  escape  from  the  boundary  in 
the  face  of  the  fast  eastward  current  that  exists  at  the  equator.  Therefore,  they  are 
trapped  at  the  eastern  wall  on  the  equator  and  a boundary  layer  forms.  The  layer 
depth  profile  evident  at  day  40  persists  thereafter,  with  its  minimum  becoming  more 
pronounced  with  time.  After  160  days  it  varies  little. 

By  16  days  the  nonlinear  transports  along  tbs  equator  are  every  where  eastward, 
a feature  which  persists  hereafter.  The  (frictional)  linear  transports  eventuall  be- 
came westward  everywhere,  but  they  took  on  the  order  of  200  days  to  do  so  iit  all 
longitudes.  After  one  month  has  elapsed  the  transports  in  the  nonlinear  case  are 
almost  en  order  of  magnitude  larger.  As  discussed  below,  the  differences  may  be 
explained  in  terms  of  the  inclusion  of  relative  vordcity  in  the  nonlinear  vordcity 
balance. 

Thus  far  we  have  considered  the  solution  at  the  equator  only.  Figure  10  shows  a 
meridional  section  of  h at  the  center  of  the  basin.  The  greatest  difference  from  the 
corresponding  linear  section  (Ftg.  S)  is  the  deep  trough  within  5.6°  of  the  equator. 
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Pigttn  12.  Nonlinear  rupoua  to  an  eastariy  wind  at  day  398.  lika  Fif.  7.  (a)  n*  (b)  v*  (e)  h. 

Contour  interval  it  10  m. 

This  trou^  is  symmetric  about  the  equator;  h slopes  downward  from  S.6”N  to 
1.2°N  to  geostrophically  balance  the  westward  current  in  the  lower  layer  at  those 
latitudes.  From  1.2*  to  0*  it  slopes  upward  to  geostrophically  balance  the  under- 
current By  160  days  this  trough  is  dose  to  its  final  shape.  This  time  scale  for  ad- 
justment agrees  with  that  given  by  the  energies  and  the  verticaUy  integrated  trans- 
port at  the  equator.  Within  this  equatorial  region  there  is  some  tendency  for  the 
adjustment  to  occur  soonest  at  the  eastern  liUe,  particulariy  poleward  of  about  3”. 
Poleward  of  5.6*  the  adjustment  dearly  proceeds  from  east  to  west  and  is  more 
the  nearer  to  the  equator  one  is.  The  time  scales  for  this  extra-equatorial  pro- 
cess are  comparable  to  those  for  the  linear  case,  althou^  h shows  some  influence 
from  nonlinear  effects  at  all  latitudes. 

Figure  1 1 shows  the  flow  at  40  days.  The  surface  layer  currents  near  the  equator 
are  more  zonally  oriented  than  in  the  linear  case  (Fig.  6).  This  is  a result  of  the  fact 
that  parcels  tend  to  turn  anticyclonically  as  they  move  poleward  from  the  equator 
and  lose  relative  vortidty  to  compensate  the  gain  in  planetary  vorticity.  The  effects 
of  upwelling,  vertical  friction  and  the  pressure  gradient  have  reduced  the  surface 
layer  zonal  velodty  to  near  zero  at  the  equator,  except  at  the  sidewall  boundaries. 
Vertical  advection  of  eastward  momentum  from  the  lower  active  layer  is  the  most 
important  factor  in  bringing  about  this  weak  surface  flow.  The  maximum  undercur- 
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rest  velocity  is  now  above  .8  m sec~^  and  occun  near  the  eastern  boundary.  At  14 
days  this  marimum  was  only  .3  m sec~M  by  80  days  it  is  over  1 m sec~S  very  close 
to  its  final  steady  value. 

At  398  days  (Fig.  12)  the  steady  state  solution  is  closely  approximated  every* 
where  in  the  basin  with  the  exception  of  the  northwest  and  southwest  comers.  The 
equatorial  region  resembles  day  40.  Poleward  of  5”  the  fiow  is  essentially  linear: 
the  surface  layer  fiow  is  the  wind  drift  solution  given  by  the  linear  theory  while  the 
subsurface  flow  combines  with  this  to  give  approximately  zero  vertically  integrated 
transport.  Many  of  the  prominent  features  near  the  equator  in  the  interior  are  in 
good  agreement  with  the  y-z  plane  calculation  of  Chamey  and  Spiegel  (1971).  (See 
their  Figs,  lb  and  2b.)  Specifically,  in  both  our  calculation  and  theirs  the  halfwidth 
of  the  undercurrent  is  about  1”  and  the  mean  undercurrent  velocity  is  about  .80  m 
sec'^  Both  ha\e  eastward  flow  at  the  surface;  as  noted  above  this  is  primarily  due 
to  the  strong  upwelling  at  the  equator.  Eastward  flow  at  the  surface  with  easterly 
winds  has  been  observed  in  the  Pacific  by  Taft  et  d.  (1974).  Both  calculations  show 
the  strongest  westward  subsurface  flow  (on  the  order  of  10  cm  sec~')  between  V 
and  3*. 

b.  Basic  dynamics.  The  principal  features  of  the  flow  may  be  explained  qualitatively 
by  considering  the  vorticity  balance,  as  in  Fofonoff  and  Montgomery  (1955).  (Also 
see  Chamey,  1960,  and  Chamey  and  Spiegel,  1971).  The  easterly  wind  produces  a 
poleward  Ekman  drift  in  the  surface  layers.  This  requires  upwelling  at  the  equator 
and  therefore  an  equatorward  flow  at  depth.  Parcels  moving  toward  the  equator 
lose  planetary  vorticity.  If  we  assume  that  total  vorticity  is  approximately  conserved 
these  parcels  must  acquire  relative  vorticity  as  they  approach  the  equator  resulting 
in  an  eastward  flow  there.  A simple  calcuxation  shows  that  a parcel  originating  at  a 
latitude  y«  with  approximately  zero  relative  vorticity  and  zero  zonal  velocity  has  an 
eastward  velocity  of  approximately  j3yoV2  at  the  equator.  For  undercurrent  veloci- 
ties of  .75  to  1.00  m sec~^  y«  is  between  2.5'*  and  3°;  this  is  consistent  with  our 
calculation.  A similar  line  of  reasoning  may  be  used  to  determine  the  position  of  the 
westward  ctirrents.  Fluid  parcels  in  the  undercurrent  that  reach  the  eastern  side  are 
turned  poleward  in  narrow  boundary  currents.  As  they  travel  away  from  the  equator 
they  gain  planetary  vorticity.  In  order  to  approximately  conserve  their  vorticity  they 
must  lose  relative  vorticity  so  that  their  pok  "ard  velocity  must  decrease  (since  in 
these  cunents  relative  vorticity  { — v«).  In  particular,  if  the  vorticity  of  such  a parcel 
is  /3y«  it  cannot  progress  poleward  beyond  the  latitude  of  y«.  We  conclude  that  this 
will  be  the  latitude  of  the  currents  required  to  complete  fluid  circuits  that  include  the 
undercurrent. 

This  vorticity  argument  may  obscure  the  nonlocalness  of  the  dynamics  because  it 
makes  no  explicit  mention  of  the  essential  role  played  by  the  zonal  pressure  gradient. 
In  the  absence  of  a zonal  pressure  gradient,  angular  momentum  conservation  would 
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argue  the  parcels  of  fluid  arrive  at  the  equator  with  westward  velocity.  In  fact,  the 
pressure  forces  accelerate  the  lower  layer  flow  eastward.  Further,  for  the  subsurface 
flow  to  have  an  equatorward  component  requires  a zonal  pressure  gradient  for  geo> 
stropbic  balance.  Without  this  gradient  the  lower  layer  fluid  demanded  by  the  intense 
upwelling  at  the  equator  is  supplied  by  having  the  thermocline  rise  with  time.  This 
is  what  happens  in  the  early  stages  of  the  experiment  at  longitudes  where  neither 
the  eastward  traveling  Kelvin  nor  westward  traveling  Rossby  modes  have  yet  ar> 
rived  to  set  up  the  pressure  gradient  Such  behavior  should  be  expected  fium  the 
linear  analysis:  Fq.  (3.1)  clearly  shows  that  the  layer  depth  will  decrease  with  time 
as  long  as  there  is  no  zonal  variation.  It  is  only  after  the  initial  boundary  responses 
(Kelvin  and  Rossby)  meet  that  the  undercurrent  becomes  established. 

The  vorticity  arguments  presented  above  may  be  extended  to  estimate  the  lati- 
tude yo  where  the  undercurrent  water  originates.  Poleward  of  yo  the  advection  cf 
planetary  vorticity  in  the  lower  layer  is  balanced  by  the  vortex  stretching  term  /w; 
ya  is  the  point  vthere  nonlinear  terms  enter  the  vorticity  balance.  In  I Sec.  2 we 
established  that  the  linear  dynamics  of  the  Ekman  layer  break  down  at  a latimde 
y,  when  inertial  terms  become  important  in  the  F.kman  layer.  The  latitude  Vo  must 
be  the  same  order  as  y,  since  the  layers  are  coupled  by  vertical  motions.  These  con- 
siderations allow  us  to  find  a frictional-inertial  scaling  for  Eqs.  (1.1),  valid  when  the 
Ekman  layer  Rossby  number  ia  satisfies  €a-'^*y*'‘«l.  [Sec  (1.2)  for 

the  definitions  of  e and  y.  For  the  parameter  values  in  Table  1,  «*  *•  .2  and  y — 
10“*.]  The  arguments  of  I give  the  following  rescalings  in  Eqs.  (l.l): 

y = a = e,-‘''‘y‘/*ct':  y,  = e*''*  y^'Vex' . (4.1) 

We  assume  that  the  scale  in  the  x direction  is  long  enough  so  that  zonal  variations 
may  be  neglected  except  in  the  pressure  gradient  term.  (It  is  this  term  which  drives 
the  undercurrent)  It  then  follows  from  (4.1)  that  the  remaining  variables  may  be 
written  (cf..  Philander,  1971,  p.  239): 

lV,v*,«‘)  =!  y-*''*  (u>',v*'un  ; (4.2) 


= et”*''*  V*';  w,  = *'*  w',  ; 

/i  s=  t'*’  (y=0)  <ix  -f  y"*/’  p 

We  now  have  scalings  in  terms  of  the  governing  parameters  for  all  variables  in  the 
equatorial  region.  In  dimensional  terms  the  meridional  scale  for  the  equatorial  cir- 
culation is  1.5®.  The  scale  for  the  surface  velocities  and  the  subsurface  zonal  veloc- 
ity is  [t,*/4/3v»‘j''  ';  this  is  about  .5  m sec~*.  (We  have  again  taken  K •«  2v,/fi). 

Dropping  primes  and  taking  = I for  simplicity  the  steady  state  version  of 
(l.l)is 

v*u/ -i- i w,  (u*-u*) -y  - T<*- = 0 , (4.3a) 


66 


v'v/  4-  } Wj  V*  -r  y u'  = 0 , 

(4.3b) 

v'Uf'  + i H>,  (u*—u')  — y v'  + = 0 , 

(4.3c) 

ytr  T p„  = 0 , 

(4.3d) 

V/  4-  V/  = 0 , 

(4.3e) 

w,  — v/  = 0 . 

(4.30 

The  meridioual  sections  of  the  layer  depth  that  we  calculate  (Fig.  10)  agree 
qualitatively  with  the  bowing  of  isotherms  which  is  usually  * ' served  beneath  thr 
undercurrent  (e.g.,  Knauss,  1966).  Eq.  (4.3d)  requires  that  the  pressure  gradient  be 
in  gcostrophic  balance  with  the  lower  layer  zonal  velocity.  This  accounts  foi  the 
meridional  profile  of  the  pressure  gradient.  For  e.xample,  at  the  center  of  the  basin 
at  .3N  the  terms  fu  acd  g'h^  balance  to  within  10%.  At  3N  the  balance  is  within 
15%. 

c,  Longitudined  variations.  By  considering  Eqs.  (4.3)  at  the  equator  we  may  easily 
see  that  terms  neglected  in  those  equations  must  enter  the  momentum  balance. 
Since  symmetry  dictates  that  v‘  = v*  = 0,  (4.3a)  says  that  the  vertical  advection 
term  balances  the  wind  stre.<s  while  (4.3c)  demands  that  the  same  term  balance  the 
zonal  pressure  gradient  (-^‘•' ).  Since  the  surface  stress  and  the  pressure  gradient 
are  of  opposite  sign  this  i:  -jOt  possible.  This  argument  is  not  an  artifact  of  our  two- 
level  model;  it  applies  to  a continuous  ocean  from  the  surface  down  to  the  under- 
current velocity’  maximum,  a region  where  w is  positive  and  u,  negative. 

It  is  Eq,  (4.3c)  that  must  break  down.  Two  types  of  terms  have  been  neglected 
there;  those  due  to  vertical  friction  and  those  that  arise  from  longitudinal  variations. 
Vertical  viscosity  is  already  essential  in  (4.3)  because  of  its  role  in  the  surface  fric- 
tional Ekman  layer;  what  is  at  issue  here  is  .ts  direct  role  in  limiting  the  growth 
of  zonal  momentum  in  the  undercurrent.  Vertical  friction  terms  enter  (4.3)  at 
0 («f~‘^*y‘''’)  — about  an  order  ot  magnitude  smaller  than  the  retained  terms  for 
the  parameter  values  we  use.  Charaey  and  Spieg-’l’s  (1971)  model  fixes  the  value  of 
the  zonal  pressure  gradient  and  excludes  other  zonal  variations  a priori  so  that 
vertical  visco  r,  forces  offer  the  only  possible  balance  in  a steady  state  undercurrent. 
In  this  context  we  note  that  their  calculations  failed  to  converge  when  the  eddy  vis- 
cosity was  reduced  to  13  cm-s~S  leaving  only  the  acceleration  ,v*rm  to  balance  the 
pressure  force. 

In  our  model  longitudinal  variations  are  permitted  and  the  zonal  pressure  gradient 
is  free  to  seek  its  own  value.  The  usual  argument  for  neglecting  longitudinal  vari.i- 
tions  (e.g.  Chamey  and  Spiegel,  1971)  is  that  the  inertially  determined  cross  s\-.  i i 
scale  is  so  much  smaller  than  the  downstream  serJe  L,.  However,  a 
propriate  to  ^nply  compare  length  scales  because  the  subsurface  velocity  :^-r, 
ponents  have  different  scales. 
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Figure  13.  Evolution  of  energiei  in  the  equatorial  region  for  the  nonlinear  response  to  a west* 
erly  wind.  Like  Fig.  3. 


In  (4.jc)  terms  involving  zonal  variation  (i.e.,  and  p,)  will  enter  before  the 
vertical  viscous  terms  as  1 ■'ng  as  the  zcual  length  scale  L,  is  less  than  y~^  = 

10*  km  (for  our  parameter  values).  Hence  these  terms  are  more  important  than  th 
frictional  ones.  The  most  stringent  condition  for  neglecting  zonal  variations  alto- 
gether in  (4.3)  is  that  = 1300  km.  This  is  large  enough  so  that  we 

should  expect  zonal  variations  to  be  d3mamically  significant,  an  expectation  borne 
out  by  our  numerical  experiment  [It  is  the  downstream  acceleration  u'u,-  that  bal- 
ances the  pressure  gradient  in  (4.3c).] 

5.  Nonlinear  teqtoase  to  a imiform  wcsterij  wind 

We  now  consider  the  nonlinear  response  to  a uniform  westerly  wind  stress.  The 
only  parameter  changed  from  the  previous  section  is  the  v Ind  direction.  The  re- 
sponses in  the  two  nonlinear  cases  are  quite  dlfierect  because  the  beta  effect  causes 
east-west  asymmetries  m the  ocean  dynamics.  On  the  other  hand,  the  linear  re- 
sp<mses  are  very  much  the  same.  The  east  wind  response  (Sec.  3)  becomes  the  w^^t 
wind  response  simply  by  changing  the  sign  of  all  variables  (h  into  -~h,  u*  into  — 
etc.);  the  pattern  of  the  response  is  unaltered. 

Th...  energy  plot  for  this  case  (Ftg.  13)  resembles  that  for  the  linear  east  wind 
(Fig.  3)  more  than  the  nonlinear  one  (Fig.  8).  The  potential  energy  curve  for  the 
present  case  is  almost  identical  to  that  for  the  linear  case:  the  amplitudes  r-re  ap- 
proximately the  same  and  the  oscillations  have  the  same  periods.  In  Sec.  3 these 
oscQlaticns  were  shown  to  result  from  the  reflections  of  Rossby  and  Kelvin  waves 
at  the  meridional  boundaries  and  the  same  explanation  applies  here.  Unlike  the  east 
wind  nonlinear  case,  the  undercurrent  does  not  become  strong  enough  to  significantly 
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Figure  14.  Nonlineir  response  to  t westerly  wind  nt  day  398.  Like  Fig.  7 (a)  u'  (b)  o'  (c)  h. 

Contror  interval  is  5 ca. 

interefere  with  tbe  Rossby  wave  reflections  at  the  eastern  side.  The  layer  depth 
evolves  much  as  it  did  in  the  linear  case.  In  contrast  to  the  east  wind  nonlinear  case 
(and  like  the  linear  one)  the  final  zonal  pressure  gradient  very  nearly  balances  the 
wind  stress.  The  inclusion  of  vertical  advection  of  momentum  makes  the  distribution 
of  kinetic  energy  different  from  the  linear  case,  with  the  ruface  layer  being  less,  and 
the  lower  layer  more,  energetic.  In  this  it  is  like  the  other  nonlinear  case  but  the 
lower  layev  kinetic  energy  is  much  smaller  here. 

At  the  equator  the  vertically  integrated  zonal  transport  u becomes  close  to  its 
final  interior  value  within  8 days  though  there  is  some  oscillation  about  this  final 
value  (of  about  75  m*  sec~')  until  about  day  160.  The  nonlinear  east  wind  case 
takes  about  24  days  to  reach  a value  of  75  m*  sec~^  aiKl  about  80  days  to  approxi- 
mate its  final  value  of  140  m*  sec~^  In  both  tbe  cast  and  west  wind  cases  the  steady 
state  requires  westward  currents  off  the  equator  to  return  the  water  that  has  travelled 
to  the  eastern  side  at  the  equator.  In  the  west  wind  case  these  lower  layer  currents, 
centered  at  and  2N,  take  longer  to  become  established.  They  are  absent  before 
day  40  and  ^r^e  80  d^ys  to  approach  their  final  value,  so  the  early  evolution  sup- 
plies tbe  net  eastward  transport  of  water  needed  to  set  up  a zonal  pressure  gradient 
opposite  to  the  wind.  When  the  wind  is  from  the  east  the  westward  flowing  onrents 
are  set  up  before  the  eastward  flowing  imdercurrent. 
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Figon  15.  Linear  respome  to  a southerly  wind  at  day  40.  Like  Fig.  6 bat  only  the  equatcrial 
region  (5.6S  to  5.6N)  is  shown,  (a)  o'  (b)  h.  Contour  interval  is  2 ir. 
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Figure  16.  Evolution  of  energies  in  equatorial  region  for  the  nonlinear  response  to  a southerly 
• wind.  Like  Fig.  3.  Initial  time  is  5 days. 


meat  proceeding  from  east  to  west  and  from  the  equator  poleward.  No  Kelvin  waves 
are  excited  so  the  adjustment  is  effected  entirely  by  long  wave  Rossby  modes.  Be- 
cause of  the  absence  of  Kelvin  waves  there  is  nothing  like  the  oscillation  shown  by 
the  linear  response  to  an  east  wind.  Since  bottom  friction  is  present  the  steady  state 
has  an  equatorial  boundary  layer  with  nonzero  transports.  The  characteristics  of 
this  layer  are  in  detailed  agreement  with  the  analytic  results  of  I.  By  far  *'.*e  largest 
part  of  the  ocean’s  energy  in  the  equatorial  region  is  in  the  surface  layer  motions. 
As  in  the  p evious  linear  case  there  is  little  kinetic  energy  in  the  lower  layer.  Since 
h $ yr<»'  for  all  time  there  is  little  potential  energy  near  the  equator  where  y is  small. 

Figure  15b  shows  the  layer  depth  at  40  days.  The  northward  tilt  is  clearly  evi- 
dent at  the  eastern  side.  The  lower  layer  currents  are  in  geostrophic  balance  (except 
for  Jie  area  along  the  equator  where  the  pressure  force  is  frictionally  balanced  by 
southward  flow).  At  the  western  side  h has  strong  gradients  to  balance  the  meridional 
boundary  currents  evident  in  both  layers.  The  souuward  current  east  of  the  bound- 
ary current  is  required  by  conservation  of  potential  vorticity.  Mathematically,  it  re- 
sults from  the  Bessel  function  behavior  of  the  western  bendary  layer  solution  (cf. 
esn.  Fig.  2). 

7.  NooUDear  response  to  a oniform  sootheriy  wind 

An  overview  of  the  spin  up  process  is  given  by  Figure  16,  which  depicts  the 
energy  in  the  equatorial  region.  As  in  the  linear  case,  the  surface  layer  kinetic 
energy  quickly  (order  8 days)  rises  to  within  of  its  final  value  as  he  wind  stress 
transfers  energy  to  the  ocean.  Thereafter,  the  increase  in  surface  energy  and  poten- 
tial energy  contiuue  until  about  day  150.  The  lower  layer  kinetic  energy  becomes 
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Figure  17.  Contours  of  tower  layer  zonal  velocity,  u\  along  the  equator  as  a function  of  time 
for  the  nonlinear  response  to  a southerly  wind.  Contour  interval  is  10  cm  sec”'.  Note  the 
regular  westward  phase  progression. 


almost  an  order  of  magnitude  larger  than  in  the  linear  case  indicating  the  importance 
of  vertical  advection  as  a mechanism  for  transferring  momentum  to  the  lower  layer. 

Beginning  at  about  day  100  an  oscillation  with  a period  of  29  days  may  be  ob- 
served in  the  surface  kinetic  energy.  At  about  150  days,  an  oscillation  in  the  poten- 
tial energy  sets  in  approrimately  in  phase  with  this.  The  lower  layer  kinetic  energy 
starts  to  decrease,  eventually  leveling  off  to  oscillate  about  a steady  value,  the  oscilla- 
tions being  out  of  phase  with  those  in  the  other  quantities.  This  suggests  an  instability 
which  draws  its  energy  primarily  from  the  kinetic  energy  of  the  flow.  Figure  17 
shows  a plot  of  phase  lines  of  the  lower  layer  zonal  velocity  at  the  equator — the 
abscissa  is  distance  along  the  equator,  the  ordinate  is  time.  Beginning  near  the  west- 
ern side  at  about  day  100  and  appearing  later  at  the  eastern  side,  a very  regular 
progres.sion  of  phase  from  east  to  west  may  be  observed.  (Similar  plots  of  the  other 
variables  give  essentially  the  same  picrore.)  These  waves  have  a period  of  29  days 
and  a phase  speed  of  32.5  km/day,  giving  a wavelength  of  950  km. 
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L0MCX70DE  (DEC.) 


Fifure  18.  Nonlinear  response  to  a southerly  wind  at  day  40.  Like  Fig.  15.  (a)  a*  (b)  a'  (c)  h. 

Contour  interval  is  5 m. 

a.  Evolution  of  the  flow.  In  the  early  stages  many  of  the  features  of  ±e  flow  patte.n 
can  be  understood  by  considering  the  kinematic  effects  of  the  vertical  and  meridional 
advecdons  on  the  Unear  response.  At  8 days  the  circulation  pattern  in  both  layers  is 
similar  to  the  linear  response  at  the  same  time,  but  some  departures  from  the  linear 
symmetries  are  already  apparent  In  the  surface  layer  the  maximum  meridional 
velocity  occurs  at  approximately  IN,  rather  than  on  the  equator  as  in  the  linear 
response.  This  difference  is  due  to  the  self-advection  of  northward  momentum  by 
the  surface  currents  near  the  equator.  A similar  advecdve  effect  is  observable  in  the 
zonal  component  of  the  surface  current  Westward  momentum  has  been  advected 
northward  across  the  equator  so  that  the  surface  flow  is  westward  to  1.2N.  The 
eastward  momentum  in  the  surface  layer  north  of  the  equator  has  also  been  ad- 
vected northward — but  not  beyond  3N,  where  the  meridional  velocity  goes  to  zero. 
The  effect  is  to  compress  the  eastward  flow  into  a narrower,  more  intense  jet.  The 
eastward  flow  at  2.5N  is  at  speeds  of  .9  ms“S  compared  to  the  linear  maximum  of 
.6  ms~‘  at  1.2N.  The  trend  is  thus  toward  the  development  of  an  eastward  jet  at 
2.5N  with  a broader,  slower  westward  flow  at  the  equator.  At  this  time,  vertical 
velocities  are  negUgible  everywhere  in  the  intarior  and  currents  in  the  lower  layer  are 
small. 
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The  resulu  of  this  development  are  evident  at  day  40,  Figure  18  (cf.  the  linear 
case  Fig.  15).  The  eastward  jet  is  now  centered  at  3N.  There  is  a considerable  hori- 
zontal convergence  into  the  jet,  resulting  in  substantial  downwelling;  elsewhere  in 
the  interior  the  vertical  velocity  is  negligible.  This  downwelling  advects  eastward 
momentum  into  the  lower  layer  so  that  the  flow  there  is  also  eastward  (Fig.  18b). 
The  result  is  a large  vertically  integrated  transport  to  the  east — a factor  of  5 larger 
than  in  the  linear  case. 

b.  The  X,  t independent  flow.  The  features  of  the  flow  evident  at  day  40  were  sub- 
stantially established  within  16  days.  The  pattern  persists  with  little  qualitative 
change  beyond  day  100.  We  note  that  the  interior  flow  is  approximately  steady  and 
independent  of  longitude.  [The  primary  exception  to  this  is  the  layer  depth  (Fig.  18c) 
which  shows  a more  uniform  tilt  to  the  north  at  the  eastern  side,  similar  to  the  linear 
case.  It  also  shows  a suggestion  of  a wavelength  structure  at  about  4N.]  The  part  of 
the  interior  field  that  is  independent  of  x and  t has  four  dynamically  distinct  regions; 

(i)  South  of  about  2.5S  the  response  is  essentially  linear,  like  that  discussed  in 
the  previous  section.  The  dominant  feature  is  the  surface  wind  drift  current  to  the 
left  of  the  wind. 

(ii)  From  2.5S  to  about  2.5N  the  surface  flow  turns  from  northwestward  to 
northeastward  to  due  east.  Vertical  velocities  are  everywhere  upward  and  small 
[0(10~*  m sec~')],  with  most  of  the  upwelling  south  of  the  equator.  South  of  IN 

is  westward,  while  north  of  IN  it  is  eastward,  with  a magnitude  comparable  to  m* 
near  the  equator.  The  meridional  component  is  southward  everywhere. 

(iii)  From  2.5N  to  5N  there  is  an  eastward  zonal  jet  in  both  layers;  vt  3N  u* 
is  as  high  as  1.2  m sec“‘;  u'  is  over  .4  m sec~'.  There  is  strong  surface  convergence 
into  the  jet  with  large  downwelling  at  its  core  (w  = 3 x 10~*  m sec~*)- 

(iv)  North  of  about  5N  the  model  response  again  becomes  wind  drift  domi- 
nated and  essentially  linear. 

This  description  is  in  close  agreement  with  the  x-independent,  steady  state  cal- 
culation of  Chamey  and  Spiegel  (1971).  (See  their  Figs.  11  and  12.)  The  only 
notable  disagreements  are  that  their  surface  velocity  in  the  jet  is  smaller  Gess  than 
1 m sec~‘),  their  downwelling  region  is  broader,  and  their  upwelling  region  narrower 
than  ours.  We  now  seek  a simple  model  (independent  of  x and  t)  to  elucidate  the 
physics  of  this  flow. 

Regions  (i)  and  (iv)  are  explicable  in  terms  of  linear  dynamics.  Now  consider 
the  surface  flow  in  region  (ii).  A parcel  in  the  vicinity  of  the  equator  wul  acquire  a 
northward  velocity  component  (frictional  forces  give  it  a component  in  the  direc- 
tion of  dJ'  V'  -•).  As  it  moves  northward,  it  acquires  cyclonic  planetary  vorticity. 
Since  it  r-,  inately)  conserves  its  total  vorticity,  it  must  acquire  anti-cyclonic 
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relative  vorticity.  The  effect  is  to  turn  tne  parcel  cIockwi*e  toward  the  east  As  long 
as  the  parcel  moves  northward,  it  is  able  to  acquire  energy  from  the  wind  stress.  At 
some  latitude  the  parcel’s  northward  momenc^ii  is  being  converted  into  eastward 
momentum  more  rapidly  than  it  is  replenished  by  the  wind.  Eventually,  the  parcel 
will  be  travelling  due  east  still  carrying  the  approximately  zero  tou.1  vorticity  it  had 
near  the  equator.  To  the  north  of  this,  the  flow  is  in  the  wind  drift  regime  where  the 
vortidty  of  surface  parcels  is  approximately  the  local  planetary  vorticity. -The  transi- 
tion between  the  two  flow  regimes  demands  a shear  layer  in  which  the  surface  east- 
ward velocity  is  reduced  to  the  north,  thus  adding  enr  jgh  positive  vorticity  to  the 
flow  to  match  it  to  the  planetary  vorticity.  This  accomplished  by  the  downwelling 
in  the  jet  ediich  transports  the  eastward  momentum  downwards. 

We  may  formulate  a simple  model  for  the  surface  flow  in  region  00  in  order  to 
obtain  some  quantitative  checks  to  accompany  this  qualitative  description.  Ne^ect- 
ing  friction  the  approximate  governing  equations  are 


-^«*~/3yv*  = 0,  (7.1) 

V*  + i ~ (7.2) 

Since  the  flow  varies  little  with  t or  x,  d/dt  m vB/dy  and  w/rj  m v/.  Since  v*u/ 
» V,'  the  vertical  advection  term  is  neglected  in  (7.1). 

An  energy  equatin':  (which  allows  for  some  loss  to  the  lower  layer)  may  be  formed 
from  (7.1)  and  (7.2): 
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By  making  use  of  the  dednition  dy/dt  w,  this  may  be  integrated  to  yield 


«**  + — I — V**  = 2 -—-~y  + const 
2 V 

Eq.  (7.1),  which  expresses  the  conservation  of  vorticity,  integrates  to 

«*  (y)  = i fiy*  + «*  (0) . 


We  may  now  simplify  things  further  by  assuming  that  u*  s v*  ^ 0 at  the  equator 
and  so  obtain 


ii* 


The  position  of  the  jet  is  at  latimde  y/  where  v*  •>  0; 


V/- 


- 340km~  3“. 


(7.3) 
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Figure  19.  Nonlioear  respoose  to  a southerly  wiad  at  day  398.  Like  Fig.  18  (a)  a'  (b)  s'  (c)  h. 


At  this  latitude  uj  =■  i (3  y/  at  1.2  m sec”‘.  These  values  are  in  excellent  agree- 
ment with  the  numerical  calculation.  We  may  also  obtain  a scale  for  the  other  veloc- 
ity component  by  considering  the  latitude  where  v'  is  a maxinmm.  We  obtain 
y«  — 2®  and  v«  ■■  v,  0«)  - .7  m sec~‘,  again  in  good  agreement  with  the  numeri- 
cal calculation. 

Turning  now  to  the  jet  itself,  the  requirement  that  the  vorticity  of  the  flow  be 
brought  up  to  the  local  planetary  vorticity  in  order  to  match  onto  the  linear  regime 
gives  a scale  for  the  width  Y of  the  shear  zone: 

/3(y  + y,)-u,/r-^y-  u» 

This  is  the  right  order  but  slightly  too  wide  (the  model  results  show  * = .8®).  One 
feature  of  this  description  which  agrees  well  with  the  numerical  calculation  and  that 
of  Qiamey  and  Spiegel  (loc.  cit.)  is  that  the  zonal  velocity  of  the  jet  falls  off  more 
rapidly  to  the  north  than  to  the  south. 

The  fluid  which  descends  in  the  jet  arrives  in  the  lower  layer  with  considerable 
eastward  momentum  and  negative  relative  vorticity.  In  region  (ii)  continuity  requires 
that  v'  be  southward.  Parcels  will  approximately  conserve  their  total  vorticity  be- 
cause vertical  exchanges  are  small  and  because  both  f and  variations  in  the  layer 
depth  are  small  (so  that  the  variation  of  potential  vorticity  is  given  by  the  variation 
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Figure  20.  Evolution  of  energies  in  the  equatorial  region  for  the  response  to  a southeasterly 
wind.  (At  r = 0 the  flow  is  adjusted  to  an  easterly  wind.  A southerly  component  is  added  s^ 
that  the  wind  is  then  from  the  southeast.)  Like  Fig.  3. 

of  vorticity).  As  a parcel  travels  southward,  its  planetary  vorticity  decreases  so  its 
relative  vorticity  J must  become  less  negative  a*.d  may  even  become  positive.  In  ou" 
calculation  u,‘  = 0 at  about  .3N.  North  of  this  point  the  flow  impinging  on  the  west- 
ern boundary  turns  clockwise  to  the  north  ({  < 0),  while  scuth  of  it  the  flow  tur'S 
counterclockwise  to  the  south  (5  > 0). 

c.  Stability.  The  foregoing  analysis  has  implications  for  the  susv  eptibility  of  the  flow 
to  shear  instability.  For  nondivergent  inviscid  flow  a necessary  (but  not  sufficient) 
condition  for  instability  is  that  the  vorticity — /-u,  in  our  case — have  an  e.xtremum. 
Tnough  our  situation  is  more  complicated,  this  simple  criterion  ill  serves  as  a use- 
ful guide  (see  below).  This  condition  is  usually  not  met  by  geophysical  flows  because 
the  gradient  of  planetary  vorticity,  is  always  positive.  In  region  (ii)  the  flow 

in  each  layer  is  characterized  by  the  conservation  of  total  vorticity,  thereby  neutraliz- 
ing the  stabilizing  effect  of  beta.  The  flow  is  thus  marginally  unstable;  and,  in  fact, 
the  model  calculation  docs  e.xhibit  numerous  e.^trema  in  the  profile  of 
At  day  120,  a time  when  the  energy  curves  (Fig.  16)  show  some  evidence  of  in- 
stability, the  waviness  suggested  at  day  40  (Fig.  18)  at  4N  is  marked,  with  a similar 
wavy  pattern  developing  at  4S  as  well.  At  160  days,  when  the  lower  layer  kinetic 
energy  reaches  a peak,  this  pattern  is  no  longer  confined  to  the  western  side,  but 
is  present  in  equal  amplitude  across  the  width  of  the  basin.  By  about  day  200,  the 
flow  settL-s  into  a repeated  pattern  with  wavelike  disturbances  propagating  (in  the 
phase  sense)  across  die  basin  from  east  to  west  (see  Fig.  17),  though  the  zonally 
averaged  mean  flow  is  still  similar  to  that  at  day  40.  Fig-  re  19  shows  the  fields  dur- 
ing this  final  period  of  the  flow’s  evolution.  The  variations  in  i'  ? layer  depth  (Fig. 
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Ft|ure  21.  Contoun  of  u‘  aloog  the  equator  for  the  noolinear  re&potue  tc  j $ou<heasterly  wind. 
Like  Fig.  17. 


19c)  are  dominated  by  this  instabili'.y  from  7S  to  7N,  while  poleward  of  these  lati- 
tudes it  exhibits  a general  south  to  north  tilt  similar  to  ihe  linear  case. 

It  is  of  interest  to  compare  our  results  with  the  results  *'jt  the  stability  of  equa- 
toiial  currents  given  by  Philander  (1976).  On  the  basis  of  the  vertically  averaged 
zonal  velocity  we  tan  crudely  fit  the  model  cunents  to  a seen’  profile,  viz.  V ^ Uo 
sech*  y/L  + Uu  by  takmg  —.7  ms~‘,  I/i  = +.4  ms“‘  and  L ai  100  — 200  km. 
Then  Ri  = ai  8 and  /?o  = t/o  - -1  to  -4.  Frorj  Figure  3 of 

Philander  Ooc.  dt.)  the  wavelength  of  the  fastest  grovi-.g  wave  for  these  parameter 
values  is  approximately  IrrL — between  600  and  1 ,200  km  our  case.  This  is  con- 
sistent with  the  mode;  results. 


8.  Noolinear  response  to  a onifonn  sootbcasterly  wind 

In  this  case  the  initial  state  is  taken  to  be  the  steady  state  response  to  a unuorm 
easterly  wind  described  in  Sec.  4.  (To  be  precise,  the  initial  state  is  takeu  as  the 
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Fifure  22,  Nonlinear  response  to  a southeasterly  wind  at  day  40.  Like  Fif.  18  (a)  n*  (b)  n*  (c) 
h.  Contour  intenral  is  10  m. 


State  which  resulted  after  3S4  days;  it  is  barely  distinguishable  brom  the  one  at  day 
398  depicted  in  Fig.  12.)  At  r = 0 a southerly  wind  component  is  added  to  the  pre- 
vailiag  easterly  component  so  that  each  wind  component  is  .465  dynes  cm~*.  This 
is  intended  to  be  a very  crude  analog  of  the  southeast  monsoon  that  occurs  in  the 
Atlantic  in  the  late  Spring.  The  linear  response  to  a southeast  wind  is  simply  a 
superposition  of  the  linear  responses  to  a south  wind  and  to  an  east  wind  but  the 
nonlinear  response  is  more  comple.T. 

The  evoludon  of  model  energies.  Figure  20,  shows  that  after  400  days  the  model 
ocean  still  has  not  reached  a truly  steady  state,  even  in  the  equatorial  region.  (The 
continued  increase  in  PE  and  iCE,  appears  to  be  due  to  a strengthening  of  the  cur- 
rent at  4.5N.  See  Figure  22.)  After  d.-’y  80  the  potential  and  uppe-  layer  kinetic 
energy  do  not  vary  greatly.  The  lower  layer  kinetic  energy  takes  about  twice  as  long 
to  become  approximately  constant.  In  the  equatorial  region  only  the  upper  layer 
kinetic  energy  is  substantially  different  from  its  value  at  r ~ 0. 

Figure  21  is  a plot  of  contours  of  at  the  equator  with  time  as  the  ordinate.  It  is 
similar  to  Figure  17,  which  showed  a regular  progression  of  phase  for  the  wave-like 
instability  that  arose  in  that  south  wind  case.  In  the  present  case,  in  the  time  period 
frem  about  day  25  to  about  day  175  there  is  some  apparent  phase  propagation  to 
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the  west.  However,  none  of  the  lines  of  constant  amplitude  cross  the  basin,  and 
after  day  17S  all  such  east  to  west  movement  ceases.  The  pattern  of  evolution  re* 
sembles  the  way  in  which  the  mixed  mode  in  the  linear  south  wind  case  contracts 
toward  the  western  boundary  with  time  (due  to  its  Bessel  function  behavior;  cf. 
CSn).  We  will  return  to  this  point  after  considering  the  early  evolution  of  the  flow. 

The  two  most  prominent  developments  in  the  first  40  days  (see  Fig.  22)  are  the 
southward  shift  ot  the  undercurrent  and  the  development  of  an  eastward  current 
between  3N  and  5N.  The  latter  resembles  the  south  wind  response.  Sec.  7.  The 
southward  shifting  of  the  undercurrent  is  already  evident  at  8 days.  At  the  same  time 
the  surface  currents  near  the  equator  have  become  westward.  This  upwind  shifting 
of  the  undercurrent  in  the  presence  of  meridional  winds  has  been  found  in  earlier 
theoretical  investigations  (Robinson,  1966;  Chamey  and  Spiegel,  1971)  and  has 
been  observed  in  the  world’s  oceans  (e.g.,  Taft  and  Knauss,  1967). 

The  surface  flow  (Fig.  22a)  stron^y  resembles  the  south  wind  response  (Fig.  18a). 
The  east  wind  influence  shows  most  clearly  in  the  poleward  wind  drift  currents  south 
of  IS.  The  lower  layer  currents  (Fig.  22b)  show  effects  from  both  the  south  wind 
(cf..  Fig.  18b)  and  the  east  wind  (cf..  Fig.  12b  displaced  south).  The  region  of  east- 
ward flow  centered  at  about  IS  is  broader  than  is  the  case  with  either  of  the  simpler 
wind  systems.  The  eastward  currents  at  4N  induced  by  the  southerly  wind  com- 
ponent appeared  first  at  the  western  side  of  the  basin  and  graduaOy  extended  to  the 
east  The  layer  depth  still  resembles  its  initial  state  (Fg.  12c)  far  more  than  the 
south  wind  response  (Fig.  ISc). 

Between  day  8 and  day  40  the  mosr  important  feature  to  appear  in  the  lower 
layer  is  the  wavy  pattern  which  causes  the  undercurrent  to  meander  about  its  mean 
latitude  of  about  0.6S.  These  meanders  persist  thereafter  though  their  form  changes. 
The  disrorbance  propagates  from  west  to  east  in  the  sense  that  it  appean  earlier  at 
the  western  side.  Figure  21  showed  that  any  phase  propagation  is  westward,  but  to 
speak  of  phase  propagation  is  misleading.  The  meander  pattern  migrates  westward 
over  the  first  175  days  and  then  remains  stationary.  The  result  mi^t  be  described 
as  a standing  wave  of  zero  frequency.  The  structure  of  these  meanders  is  most 
clearly  revealed  by  the  contoms  of  the  zonal  and  meridional  transports  at  day  398 
shown  in  Figure  23.  They  have  their  largest  amplitude  between  0 and  2S;  with  the 
amplitude  decreasing  from  west  to  east.  The  wavelength  of  the  meanders  is  about 
650  km  and  shows  a slight  increase  from  west  to  east.  We  offer  the  interpretation 
that  these  meanders  are  due  to  a mode  generated  at  the  western  boundary  in  re- 
sponse to  the  south  wind.  Such  a mode  is  the  nonlinear  analog  of  the  mixed  mode 
that  is  generated  when  the  initial  state  is  a resting  one.  It  plays  the  role  of  a baro- 
tropic  instability  in  the  sense  of  acting  to  reduce  the  horizontal  shear  of  the  zonal 
currents. 

In  addition  to  these  meanders,  the  other  prominent  features  of  the  flow  in  the 
equatorial  region  at  day  398  are  the  eastward  jet  in  both  layers  centered  at  4N  and 
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Fi|un  Z3.  Contours  of  ths  vtttically  iottgnttd  transpora  in  the  nonlineer  response  to  a south' 
easterly  wind  at  day  398.  Contour  interval  is  20  m*  see"*  (a)  Zonal  transport,  a,  (b)  Msridi' 
ouai  transport, 


the  undercurrent  with  a mean  positioo  at  about  0.7S.  Elsewhere  between  ±5**  the 
lower  layer  currents  are  generally  westward.  Except  that  the  jet  is  sli^tly  further 
north  and  its  total  transport  less  than  in  the  south  wind  case,  the  mean  flow  between 
the  equator  and  about  SN  is  very  similar  in  the  two  cases.  The  dynamical  arguments 
presented  in  Sec.  7 apply  here  as  well.  South  of  the  equator  the  two  cases  are  quite 
different  due  to  the  presence  of  the  undercurrent  at  about  IS  and  an  additional  re- 
gi(m  of  westward  transport  to  the  south  of  it  The  flow  pattern  between  3S  and  3N 
that  we  find  at  day  398  resembles  the  similar  calculation  made  by  Chamey  and 
Spiegel  (1971).  (See  their  Figs.  9 and  10;  they  only  show  the  region  from  3S  to  3N.) 
Eiiw  in  the  meridional  plane  is  similar  in  the  two  calculations,  with  the  division  be> 
tween  northward  and  southward  surface  flow  occurring  at  the  latitude  of  the  under* 
current  Of  coune,  since  their  model  has  no  zonal  variation,  the  meanders  are 
absent 


9.  Disenssion 

Timescales.  The  analysis  in  I showed  that  there  are  two  timescales  governing  the 
flow.  The  first  of  these  is  the  time  for  the  transfer  of  wind  energy  to  the  upper  fric- 
tional (Ekman)  layer;  this  is  0 (20  days)  in  all  cases.  The  second  is  the  time  for  the 
sea  surface  to  set  up  and  establish  the  basin-wide  pressure  gradients.  Away  from 
the  equator  this  setup  time  is  that  given  by  the  linear  analysis  because  the  extra- 
equatorial  dynamics  are  linear.  (From  our  viewpoint  the  nonlinearities  of  the  west- 
ern boundary  current  region  are  a local  effect  that  does  not  influence  the  large  scale 
adjustment.)  The  setup  time  [0(1  year)  at  10’’]  decreases  toward  low  latitudes  with 
the  equatorial  time  varying  greatly  from  case  to  case.  Nonlinear  effects  may  either 
lengthen  or  shorten  the  corresponding  linear  response  time,  with  the  result  that  the 
nonlinear  time  varies  between  ISO  and  300  days.  This  setup  time  varies  Uneaily 
with  the  longitudinal  extent  of  the  basin  (for  zonal  winds,  see  below).  The  overall 
setup  time  for  each  of  the  world’s  equatorial  oceans  is  thus  longer  than  or  compar- 
able to  the  characteristic  time  for  the  major  wind  stress  variations  associated  with 
the  seasonal  cycle.  The  oceans  do  not  have  enough  time  to  adjust  to  be  in  equilib- 
rium with  the  winds  (eg.  Sverdrup  balance). 

On  the  other  hand,  important  feamres  of  the  equatorial  circulation  are  qualita- 
tively present  quite  early.  In  all  the  zonal  wind  cases  there  is  a significant  zonal 
pressure  gradient  everywhere  on  the  equator  at  IS  days,  the  time  when  the  effects 
of  the  meridional  boundaries  are  first  felt  at  ail  longitudes.  This  occurs  when  the 
initial  Kelvin  and  n = 1 Rossby  modes  meet.  Nondimensionally  this  time  is  3/4T 
where  7 is  the  time  for  a Kelvin  wave  to  cross  the  basin.  For  the  Indian  and  Atlantic 
Oceans  the  time  7 is  approximately  one  month  while  for  the  Pacific  it  is  three 
months,  so  boimdary  responses  to  seasonal  variations  have  time  to  extend  across 
each  ocean.  .Another  important  milestone  occurs  at  a time  47  (80  days  in  the  e.xperi- 


ments)  when  the  first  reflections  (i.e.,  the  n — 1 Rossby  reflection  of  the  initial  Kelvin 
mode  and  the  Kelvin  reflection  of  the  initial  n = 1 Rossby  mode)  cross  the  basin. 
By  this  time  enough  of  the  zonal  rearrangement  of  mass  has  beeu  accomplished  so 
that  the  circulation  qualitatively  resembles  the  steady  state.  If  anything,  the  time  4T 
b more  significant  in  the  nonlinear  cases  because  the  nonlinearities  tend  to  damp 
subsequent  oscillations,  especially  with  easterly  winds.  To  the  extent  that  the  flow 
at  thb  time  b in  equilibrium  with  the  winds  the  Atlantic  and  Indian  Oceans  will  be 
in  equilibrium  with  the  annual  component  of  the  winds  and  the  Pacific  will  not. 

Nonlinearity  and  waves.  In  all  cases  it  b the  surface  flow  on  (and  near)  the  equator 
that  flrst  becomes  nonlinear;  thb  occurs  within  three  or  four  days  (using  a local 
Rossby  number  as  a measure).  Within  two  weeks  nonlinear  dbtortions  of  the  flow 
field  are  evident  in  both  layers.  Vertical  velocities  are  large  and  vertical  advections 
play  an  important  role  in  the  lower  layer  circulation. 

While  the  response  to  zonal  winds  involves  both  wave  dynamics  and  nonlinear 
currents,  the  southerly  wind  response  (with  both  resting  and  east  wind  initial  states) 
b fundamentally  nonlinear  and  wave  concepts  are  inapplicable.  It  bears  little  re- 
semblance to  its  linear  counterpart  and  the  setup  time  is  unrelaied  to  that  given  by 
linear  theory.  Adjustment  occurs  primarily  in  the  meridional  plane  so  the  setup  time 
b largely  independent  of  the  longitudinal  extent  of  the  ocean.  Our  results  show  that 
in  the  first  month  the  ocean  rapidly  approaches  its  equilibrium  value,  changing  only 
gradually  thereafter  (at  least  until  the  onset  of  instability).  Since  the  real  oceans  are 
not  initially  at  rest  their  response  times  to  seasonal  variations  may  differ  somewhat 
from  those  given  above.  However,  the  setup  time  for  a southerly  wind  was  about  the 
same  for  an  initial  state  with  an  undercurrent  and  one  at  rest. 

Undercurrent  dynamics:  easterlies  and  westerlies.  We  have  seen  that  the  model’s  re- 
sponse to  easterlies  (the  prevailing  winds  in  the  equatorial  Atlantic  and  Pacific)  b 
rather  different  than  its  response  to  westerlies  (as  are  present  in  the  Indian  Ocean 
with  the  onset  of  the  southwest  monsoon;  see  Wyrtki,  1973  and  Knox,  1976).  In  the 
case  of  easterlies  the  undercurrent  requires  an  eastward  pressure  gradient,  not  only 
as  a direct  driving,  but  also  to  produce  equaterward  flow.  Thb  undercurrent  b non- 
local in  character.  It  becomes  establbhed  at  a given  longitude  only  when  the  meridi- 
onal boundaries  are  felt  there. 

By  contrast,  the  eastward  flow  at  depth  in  response  to  westerlies  b locally  deter- 
mined. The  dynamics  are  frictional  and  inertial,  relying  upon  frictionally  induced 
surface  convergence  and  associated  downwelling  to  produce  eastward  momentum  at 
depth.  Because  the  response  b local  it  b abo  quite  rapid:  within  a week  the  under- 
current b nearly  at  full  strength.  The  data  collected  by  Knox  (1976)  at  Gan  is  strong 
evidence  for  the  rapid  generation  of  an  undercurrent  after  the  onset  of  westerlies. 

These  observations  abo  show  that  the  currents  reverse  when  the  winds  slacken  or 
become  meridional.  Knox  attributed  thb  to  westward  flow  driven  by  the  pile  up  of 


water  at  the  eastern  side,  as  in  O’Brien  and  Hurlburt’s  (1974)  numerical  calculation. 
The  same  feature  is  present  in  our  linear  zonal  wind  response  (cf.  Sec.  3 and  Fig  4) 
and  was  attributed  to  the  eastern  boundary  Rossby  waves  overbalancing  the  wind 
stress.  However,  the  transit  time  from  the  eastern  boundary  to  Gan  for  such  waves 
is  not  consistent  with  the  observations  [at  least  for  the  first  baroclinic  mode;  buc  cf. 
Philander  (1978b)].  Such  a current  reversal  is  not  present  in  our  nonlinear  calcula* 
tion  where  the  pressure  gradient  slows  the  inertial  eastward  flow  but  is  not  strong 
enough  to  reverse  it.  Our  model  results  suggest  another  explanation.  Since  the  sub- 
surface eastward  flow  is  driven  by  local  winds,  the  cessation  of  the  wind  eliminates 
the  source  of  eastward  momentum  and  the  undercurrent  can  d*«..ippear  as  rapidly  as 
it  appeared.  The  basin-wide  westward  pressure  gradient  previously  set  up  by  the 
westerlies  led  to  subsurface  poleward  flow  which  can  now  act  to  carry  eastward 
momentum  away  from  the  equator.  At  the  same  time  right  on  the  equator  it  will 
drive  a down  gradient  flow  to  the  west.  In  addition,  ^e  calculation  of  Sec.  7 sug- 
gests that  flow  at  the  equator  will  be  westward  in  the  presence  of  meridional  winds. 
(This  is  true  whether  the  winds  are  northerly  or  southerly).  Knox’s  observations  are 
not  inconsistent  with  this,  but  since  the  dynamics  involve  the  equatorward  advec- 
tions  of  both  surface  and  subsurface  currents  some  knowledge  of  the  currents  off  the 
equator  is  needed  to  decide  whether  this  applies. 

Downstream  variations  in  the  undercurrent.  Our  undercurrent  calculation  resembles 
the  observed  undercurrent  in  many  important  respects.  It  also  shares  many  features 
with  the  jc-independent  model  of  Chamey  and  Spiegel  (1971),  but  permitting  zonal 
variatiocs  and  not  constraining  the  pressure  force  to  balance  the  zonal  wind  stress 
makes  for  some  important  differences.  The  pressure  gradient  was  larger  in  our 
model,  making  it  more  in  line  with  observational  evidence  (Montgomery  and  Palmen, 
1940;  also  see  Chamey,  1960,  p.  305).  The  terms  uu.  and  vu,  are  of  comparable 
magnitude.  Previous  theoretical  studies  of  the  undercurrent  in  homogeneous  oceans 
have  neglected  the  former  term  by  arguing  that  the  zonal  length  scale  is  much  greater 
than  the  meridional  one.  However,  in  the  undercurrent  u»v,  so  tliis  argument 
breaks  down.  We  have  shown  that  either  zonal  variations  or  friction  terms  must 
enter  the  undercurrent  momentum  balance.  For  reasonable  values  of  the  coefficients 
of  eddy  viscosity  and  realistic  basin  sizes,  zonai  variations  will  enter  before  addi- 
tional friction  terms.  (Observational  accounts  of  the  momentum  balance  in  the  un- 
dercurrent [Knauss,  1966;  Taft,  et  <u'.,  1974)  have  also  neglected  downstream  ad- 
vections,  but  this  is  due  primarily  to  a lack  of  data.] 

The  model  results  show  an  increase  in  transport  downstream.  Such  behavior  is 
observed  in  the  western  Pacific  where  the  depth  of  the  thermocline  shows  little  % uia- 
tion  (as  is  the  case  with  the  model’s  thermocline).  In  the  eastern  Atlantic  and  Pacific, 
where  the  thermocline  becomes  very  shallow,  undercurrent  transports  appear  to  de- 
crease downstream.  To  reproduce  this  feature  it  appears  to  be  necessary  to  include 
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some  physical  mechanism  which  allows  the  pressure  gradient  force  to  be  uncoupled 
from  the  vertical  extent  of  the  undercurrent.  One  such  possibility  is  the  equatorial 
effect  of  the  thermohaline  circulation  (Philander,  1973),  though  it  may  be  enough 
for  the  model  to  allow  downwelling  beneath  the  imdercurrent  core.  Observational 
evidence  does  not  enable  one  to  determine  with  certainty  if  tha  loss  of  fluid  from  the 
undercurrent  occurs  in  the  meridional  or  the  vertical  plane. 

Countercurrent  dynamics.  Sverdrup’s  (1947)  explanation  of  the  relationship  between 
the  North  Equatorial  Countercurrent  and  the  curl  of  the  wind  stress  is  one  of  the 
great  triumphs  of  dynamical  oceanography.  Studies  based  on  more  recent  observa* 
tional  data  (Kendall,  1970)  have  shown  some  discrepancies  from  the  Sverdrup 
balance.  The  model  results  in  the  southerly  and  southeasterly  wind  cases  suggest  a 
possible  cause  for  these  discrepancies.  In  both  of  these  cases  a strong  eastward  jet 
developed  in  both  model  layers  as  a response  to  the  southerly  wind  component.  In 
the  pure  south  wind  case  this  jet  is  centered  at  3N;  with  southeasterlies  it  is  at  4N. 
In  both  cases  it  extends  to  5N  and  so  would  overlap  the  wind  stress  curl  driven 
countercurrent  at  its  southern  edge  The  evolution  of  this  countercurrent  was  ex- 
plained in  terms  of  the  kinematic  effects  of  advection  on  the  linear  response  in  the 
frictional  surface  layer.  A simple  argument  based  on  conservadon  of  vordcity  and 
energy  was  given  to  explain  the  steady  state  flow  pattern.  This  analysis  shows  that 
the  velocity  of  the  eastward  jet  varies  as  (r  is  the  meridional  wind  stress),  and 
that  its  latitude  varies  as  r'-'’  and  so  is  relatively  insensitive  to  the  wind  speed. 

While  we  believe  the  dynamics  discussed  above  are  important  to  a thorough  de- 
scription of  the  countercurrents  in  the  Atlantic  and  Pacific  Oceans,  they  appear  to 
play  a more  fundamental  role  in  explaining  the  flow  pattern  observed  in  the  equa- 
torial Indian  Ocean.  Observations  in  tbs  western  Indian  Ocean  during  the  southwest 
monsoon  (Taft  and  Knauss,  1967,  N i.  ‘riands  Meteorolcgisch  Instituut,  1952)  have 
shown  weak  eastward  flow  extending  -*'n  of  the  equator  and  then  giving  way  to 
westward  currents  that  have  a maximur ; *t  3N  (cf.  Fig  18).  During  the  northeriy 
wind  regime  (i.e.  the  northwest  monsoo.‘>  the  reverse  pattern  is  observed  over  the 
central  Indian  Ocean,  with  westward  currents  south  of  the  equator. 

Stability.  The  zonal  wind  cases  showed  no  evidence  of  instability  (e.g.,  meanders  of 
the  undercurrent)  whatsoever.  The  current  system  associated  with  a south  wind  was 
seen  to  be  barotropically  unstable,  the  instability  having  a regular  wavelike  form  in 
the  zonal  direction  with  a wavelength  of  950  km  and  a period  of  29  days.  The  inter- 
pretation of  the  standing  wave  pattern  which  arises  in  the  southeast  wind  case  is  less 
straightforward.  It  appears  that  by  absorbing  energy  from  the  mean  flow  the  initial 
western  boundary  reflection  maintains  its  amplitude  at  all  longitudes.  This  contrasts 
with  the  linear  response,  in  which  this  Bessel  function  shaped  mode  collapses  toward 
the  western  side. 
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These  results  are  in  agreement  with  the  finding  of  Philanders’s  (1976,  1978a) 
stability  studies:  the  undercurrent  itself  is  stable  but  the  entire  equatorial  current- 
countercurrent  system  may  be  unstable — in  particular,  because  of  the  large  shears 
between  the  westward  flow  near  the  equator  and  the  eastward  flow  in  the  North 
Equatorial  Countercurrent.  This  instability  is  the  probable  source  of  the  waves  ob- 
served on  the  front  between  the  Countercurrent  and  the  South  Equatorial  Current 
in  the  Pacific  (Legeclds,  1977).  Those  waves  have  a wavelength  of  about  1000  km 
and  2S  day  period. 

The  southeast  case  has  an  undercurrent  which  meanders  in  space  but  is  steady  in 
time.  In  the  course  of  reaching  this  steady  state,  the  undercurrent  exhibited  time 
variations  not  unlike  those  observed  during  GATE  (Diiing  et  ai,  1975).  Rather 
than  being  an  instability,  it  is  possible  that  the  observed  meanders  are  part  of  the 
ocean’s  adjustment  to  changes  in  the  wind  (cf  Hallock,  1977),  though  the  data 
record  is  too  short  to  be  conclusive. 
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Forced  baroclinic  ocean  motions,  ID:  The  linear 
equatorial  basin  case 

by  Mark  A.  Cane^  and  E.  S.  Saiachik* 


ABSTRACT 

Pnvious  work  on  the  linear  ipia-up  of  an  equatorial  ocean  it  extended  to  include  the  ipeciSc 
elfecti  of  the  north-south  extent  of  the  basin,  thus  allowing  a detailed  comparison  of  analytic 
spin-w;>  theory  with  numerical  calculations. 

North-south  modes  in  a ^plane  equatorial  basin  are  solved  for  both  numerically  and  analyti' 
cally.  Simple  approximations  are  developed  and  the  modes  are  classified  by  the  location  of  the 
turning  points  relative  to  the  zonal  walls.  The  modes  are  illustrated  for  three  cases;  A;  a sym- 
metric basin  whose  zonal  walls  are  distant  from  the  equator  (compared  to  the  equatorial  radius 
of  deformation);  B:  a symmetric  basin  whose  zonal  walls  are  close  to  the  equator,  and  C:  an 
uymmetric  basin,  one  wall  of  which  is  close  to  the  equator  and  one  far. 

Spin-up  in  response  to  x-independent  winds  in  each  of  these  basins  is  then  calculated  in  terms 
of  four  elements:  the  r-independent  response  to  the  wind;  the  rutem  boundary  response  con- 
sisting of  Rossby  and  Rossky-Kelvin  modes  needed  to  bring  the  u field  to  zero;  the  western 
boundary  response  consisting  of  Kelvin  waves  needed  to  bring  the  u field  to  zero;  and  the  west- 
ern boundary  layer  consisting  of  trapped  short  Rossby  waves  needed  to  bring  u to  zero  and 
meridionally  redistribute  mass.  These  elements  are  combined  to  describe  how  the  steady  (Sver- 
drup) solutions  are  approached.  Special  attention  is  paid  to  the  fast  planetary  response  the 
equatoriaily  confined  Kelvin  mode,  the  s.Tponcntial  anti-Kelvin  mode  with  maximum  amplitude 
on  the  zonal  walls,  and  the  Rosaby-Kelvin  mode,  the  latter  two  being  modes  not  present  on  a 
meridionally  open  basin. 

Fitully,  a numerical  model  is  run  to  illustrate  spin-up  for  various  winds  in  each  of  the  basins, 
A,  B and  C 

1.  lafroducdon 

This  paper  is  the  third  of  a series  describing  the  linear  response  to  simple  wind 
stress  patterns  of  an  equatorial  ocean  described  by  the  baroclinic  shallow  water 
equations. 

In  the  first  paper  (Cane  and  Sarachik,  1976,  henceforth  called  1),  we  described 

1.  Laboratory  for  Atmospheric  Scicaett,  NASA  Ooddard  Space  Flight  Center,  Greenbelt,  Mery- 
land.  10770.  VJSJu 

1 Center  for  Earth  sad  Planetary  Physics,  Harvard  University,  Cambiidte,  Massaebusetu,  02138, 
U.SA. 
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the  respoose  of  an  unbounded  equatorial  ocean  to  zonal  and  meridional  wind  stresses 
switched  on  in  time  and  space.  The  dispersive  properties  of  these  forced  wave  mo> 
tions  were  clarified  by  investigating  the  dispersive  properties  of  a losely  analogous 
system:  the  barotropic  vortidty  equation  forced  by  a switched  on  wind  stress  curl. 
It  wu  found  that  the  uymptotk  westward  response  occurred  behind  fronts  propa* 
gating  with  the  long  Rossby  nondispersive  wave  speed;  and  that  uymptotic  east* 
ward  motioos  occurred  only  at  forcing  discontinuities  or  western  boundaries  and 
consisted  of  short  Rossby  waves  in  the  form  of  Bessel  function  “Gulf  Streams” 
rapidly  thinning  with  time.  These  results  extend  directly  to  the  planetary  wave  part 
of  the  barocUnic  case,  this  case  being  completed  by  the  addition  of  eastward  re* 
spouses  behind  fronts  travelling  with  the  Kelvin  wave  speed.  A method,  based  on 
the  one  of  Matsuno  (1966),  was  then  introduced  for  calculating  the  unbounded 
baroclinic  response,  and  this  unbounded  response  was  calculated  for  several  un- 
bounded zonal  and  meridional  wind  stresses.  It  was  found  that,  in  general,  zonal 
winds  excite  a local  resonant  response  that  has  the  u and  h fields  growing  linearly 
with  time  and  the  v field  constant  with  time.  By  contrast,  a meridional  wind  excites 
local  u and  h fields  constant  in  time  with  no  steady  v field  at  all.  The  role  of  the 
equatorial  inertia-gravity  waves  in  setting  up  these  unbounded  responses  was  elu- 
cidated. 

In  the  second  paper  (Cane  and  Sarachik,  1977,  henceforth  called  II),  we  con- 
sidered the  effects  of  meridional  boundaries  at  x s 0 and  Xg  and  described  the 
spin-up  ot  this  zonally  bounded  but  meridionally  unbounded  equatorial  ocean.  The 
method  consisted  of  three  basic  steps:  CO  the  calculation  of  the  fully  unbounded 
response,  as  given  in  I;  (ii)  the  calculation  of  the  boundary  responses  needed  to 
bring  the  zonal  velocity  of  the  unbounded  response  to  zero  on  the  boundaries;  and 
Ciii)  the  calculation  of  the  boundary  reflectioas  necessary  to  bring  to  zero  the  zonal 
velocities  of  any  of  the  wave  responses  calculated  in  step  (ii)  and  any  of  theu  sub- 
sequent reflections.  These  boundary  reflections  in  steps  (ii)  and  (iii)  were  calculated 
by  a method  due  to  Moore  (Moore  and  Philander,  1977).  tlie  method  depends  in 
an  essential  way  on  the  detailed  properties  of  the  Hermite  functions,  which  are  the 
correct  functions  to  use  only  when  the  basin  is  meridionally  unbounded.  The  mo- 
tions excited  by  switched  on  wind  stresses  were  followed  in  time  and  the  precise 
manner  in  which  the  wave  motions  conspired  to  produce  the  steady  (Sverdrup) 
solution  was  studied.  It  wu  found  that  the  approach  to  the  steady  solution  is  sig- 
nificantly impeded  when  Kelvin  waves  are  excited,  for  these  Kelvin  waves  induce 
a sloshing  of  mau  back  and  forth  acrou  the  buin  with  only  slowly  decreuing 
amplitude.  It  wu  argued  in  this  paper  that  despite  the  unrealistic  unboundedness 
of  the  basin  in  the  meridional  direction,  the  results  obtained  should  be  valid  in  the 
vicinity  of  the  equator. 

It  is  the  purp  /se  of  this  paper  to  explicitly  include  the  boundedness  of  the  buin 
in  the  meridional  direction  in  the  descripion  of  the  spin-up  process  and  in  so  doing 
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to  decide  if  any  essential  features  are  introduced  by  these  boundaries  at  the  north 
and  south.  Thus  we  wiU  solve  the  non-dimensional  shallow  water  equations 


+ H(0  (la) 

v,  + yu  + H(jt)  (lb) 

A,  + u,  + V,  * Q CO  (Ic) 

subject  to  the  boundary  conditioiu 

u a 0 at  X = 0 and  X$  (2a) 

V s=  0 at  > « y*  and  Ty  (2b) 


where  in  general  Tj  will  be  taken  to  be  south  of  the  equator  and  Yu  will  be  taken 
to  be  north. 

Ihe  imposition  of  meridional  boundedness  in  condition  (2b)  means  that  the 
meridional  eigenmodes  will  no  longer  simply  be  related  to  the  Hermite  functions. 
ICckie  (1979)  solved  for  the  eigenvalues  and  eigenfunctions  of  a basin  bounded  in 
one  meridional  direction  and  found  that  the  deviation  from  the  Hermite-like  be- 
havior increased  as  the  boundary  approached  the  equator.  As  we  will  see,  Hickie’s 
assumption  of  unboundedness  in  one  directior  ‘Eliminates  some  important  solutions 
(we  will  call  them  anti-Kelvin  waves)  that  were  rreviously  noted  by  Moore  (1968) 
and  Mofjeid  and  Rattray  (1971)  in  their  discussions  of  free  modes  of  an  equatorial 
basin. 

In  what  follows,  the  basic  method  of  calculating  the  time  dependent  response  is 
essentially  the  same  as  the  method  of  II  and  can  be  summarized  by  noting  the 
equivalent  3-step  process:  (i)  the  zonally  unbounded,  but  meridionally  bounded, 
response  is  calculated;  Cu)  the  eutem  and  western  boundary  response  needed  to 
bru>^  to  zero  the  zonal  velocity  field  cf  the  zonally  unbounded  response  of  step  (i) 
is  calculated;  (iii)  the  eastern  and  western  boundary  response  needed  to  bring  to 
zero  the  zonal  velocity  fields  of  any  boundary  responses  emitted  subsequently  as 
p»rt  of  step  (ii)  is  calculated.  It  should  be  noted  that  the  inclusion  of  northern  and 
sovithem  boundaries  complicates  the  analytic  problem  significantly,  yet  resolution 
of  this  complication  is  essential  before  analytic  results  can  be  compared  to,  say, 
numerical  simulations. 

The  plan  of  this  paper  is  as  follows:  the  second  section  will  describe  the  eigen- 
values and  eigenfunctions  of  the  v equation  in  a meridionally  bounded  domain. 
Analytic  approzinutions  are  compared  in  detail  with  numerically  generated  results. 
Special  emphasis  is  placed  on  modes  not  present  in  the  meridionally  unbounded 
case,  in  particular  the  westward  propagating  Rossby-Kelvin.  anti-Kelvin  and  inertia- 
Kelvin  modes,  all  of  which  have  large  amplitude  at  the  zonal  boundaries. 

The  third  section  reviews  noution  for  the  vector  eigenfunctions,  describes  their 
completeness  and  onhogonality  properties,  and  uses  them  to  implement  step  (i), 
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Fignte  1.  The  dispenioa  reluion  (Eq.  (5))  dram)  for  the  eigenvalues  of  the  [-S.1.7]  case.  The 
n * 0 low  frequency  branch  is  the  Kelvin-Rossby  mode;  the  ii  = 0 high  frequency  branch  is 
the  iaeitia-Kelvin  mode. 

the  calculatioa  of  the  meridionaQy  bounded  but  zonally  unbounded  response.  The 
fourth  section  shows  how  to  calculate  the  eastern  and  western  boundary  response 
and  thus  how  to  implement  steps  (ii)  and  (iii)  described  above. 

Section  S will  describe  in  some  detail  the  time  dependent  response  of  three  equa- 
torial basins  to  F = 1 and  G = 1 wind  stresses.  This  will  be  done  by  presenting  a 
linear  numerical  simulation  of  the  spin-up  process  and  comparing  with  the  linear 
analytic  theory  developed  in  the  eariier  sections.  Fmally,  the  applicability  and  limits 
of  this  work  to  the  baroclinic  response  of  real  equatorial  oceans  will  be  discussed  in 
the  last  section,  and  our  conclusions  will  be  given. 

2.  Hm  free  modes  of  the  mcridkiaal  velocity  equation 

The  homogeneous  set  of  equations  (1)  with  F = G — Q ~ 0 and  dependence 
u,v,h'-“  can  be  reduced  to  a single  equation  for  v; 

v„  -f  [2/*  + 1 - y*l  V = 0 (3) 

subject  to  the  conditions  at  the  northern  and  southern  boundaries 

v = 0aty„y.v.  (4) 

In  terms  of  the  eigenvalues  the  nondimensional  dispersion  relation  is 

~*2/r-  + l.  (5) 


■ .j 
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There  are  two  linetriy  independent  solutions  to  (3)  so  that  the  general  solutiiHi  of 
(3)  may  be  written,  in  the  notation  of  Abramowitz  and  Stegun  (1963): 

v(y)*U(-M-l/2.V2y)+m-M-l/2.V2y)  (6) 

idiere  ViY)  is  the  parabdic  cylinder  function  that  decays  (blows  up)  exponentially 
as  y 

We  will  take  Yj  to  be  north  of  the  equator  and  T*  to  be  south  so  that  applying 
the  boundary  condition  (4)  at  the  northern  bcxmdary  yidds 

('(-M-1/2.V21'*) 

Applying  the  boundary  condition  at  the  southern  boundary  yields  an  eigenvalue 
equadon  for  the  sequence  of  eigenvalues  fi.: 


£/(-/!, -1/2.  V2  Ty) 

Ui-fi,  -1/2,  - V2  |y,i)  - V(_^',i/2,v2yy)  - V2  iy.i)  = o. 

(7b) 

Since  Equation  (3)  with  boundary  conditions  (4)  is  of  standard  Sturm-Liouiville 
form,  we  may  immediately  conclude  that  the  eigenvalues  form  a nonnegative  in- 
creasing sequence  and  that  the  eigenfunctions  are  complete  and  orthogonal  on  the 
interval  [y,.yyl. 

Equations  (6),  (7a)  and  (7b)  give  the  general  solution  to  the  problem,  but  since 
the  content  of  these  equations  is  at  best  opaque  we  will  examine  various  approxima- 
tions to  the  solutions  with  a view  toward  deriving  analytic  approximations  for  the 
eigenvalues  and  eigenfunctions  and  thus  understanding  them  in  simpler  terms. 

To  begin  with,  we  must  recognize  that  the  sdudons  V and  V have  Stokes  lines 
in  the  complex  plane  so  that  analytic  condnuadon  across  these  lines  changes  the 
form  of  the  representadon.  Since  we  will  need  only  the  representation  of  the  solu- 
tion for  real  positive  and  negative  values  of  y,  we  will  need  only  the  auxiliary  rda- 
ticns  (Abramowitz  and  Stegun,  1965) 

C/(-M  -1/2,  -y)  a cos  !/(-/*  -1/2,  y)  (8a) 

and 


y(-fi  -1  /2,  -y)  - (1  /w)  sin*  wm  H-m)  C/(-m  -1  /2,  y) 

- cos  ir/i  K(-/*  -1  /2,  y)  (8b) 

both  valid  for  y > 0.  Using  th»e  relations  in  (7b),  the  eigenvalue  equation  can  be 
written  in  terms  of  U{y)  and  VCv)  with  positive  argument  only: 
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ff 


^ i/(-Pu-i/2.\/2|y,|) 

n-u,)  cos  iTfL^  -1/2,  V2  1 ral) 

^b,[  n-u,) 

^ [ ir  cos  irpu  ^ K(-^  -1/2,  V2  mi) 


0 


where  h.  ii  given  by  (7a)  when  fi  takes  on  one  of  the  eigenvalues  /x..  Simplifying 
using  the  standard  relation 


yields 


r(/i,  + 1)  tan  ff/i,  - 


r(— /i)  r(/x  + 1)  sin  ir/t  = - 
U(-fi^ -1/2,  ^/2\Ys\) 


(9) 


y(-/i,-i/2.V2iysl) 


+ h.P 


cotvfu  —1/2,  s/l  |y~a|)  ^ J “I  _ Q 

-,z,-1/2,v2!1's1)  ^ J 

(10> 


+ 1)  v(. 


In  the  limit  that  Ky  ->  «,  6,  0,  and  using  (8a),  the  eigenvalue  equation  re- 

duces to  that  of  ffickie  (1979): 


L'(-^-l/2.V2y,)  = 0 


(Ua) 


recalling  that  Ya  is  negative.  In  the  opposite  limit  that  Ys  -*  — (10)  reduces  to 
bn  + r(ft«  4-  1)  tan  TTfin  = 0,  or,  again  using  (8a) 

U(-fin  -1/2,  -V2  Ys)  = 0.  (11b) 


In  the  limit  that  both  Yx  +«  and  Ys  -*  — «,  (10)  reduces  to  T(jin  + 1)  • tan  rr/x, 
= 0,  i.e.,  fin  = n where  n is  a nonnegative  integer.  This  limit  represents  (he  merid- 
ionally unbounded  case  treated  in  Papers  I and  II:  the  functions  V never  appear  and 
V(—n  —1/2,  V2  y)  are  simply  the  Hennite  functions  ff,(y)  exp  [-y*/2]  treated 
previously. 

For  the  meridionally  bounded  case,  (10)  represents  the  general  eigenvalue  equa- 
tion and  can  be  solved  in  various  analytic  approximations.  These  approximations 
can  be  classified  by  the  location  with  respect  to  the  northern  and  southern  boundaries 
of  the  turning  points  of  the  nth  eigenfunction  at  >•  = * V2#i»+ 1 . 

There  are  four  cases  of  interest: 

(i)  Both  turning  points  lie  well  within  the  basin,  i.c.,  2fx,  -f  1 « and  Ty’. 

Using  the  asymptotic  forms  valid  for  y*  » 2/x  -r  1, 


U(-/x  -1/2.  y)  -*  >••*  e.xp  (-y“/4] 

V{—fi  — l/2,  y)  -»  \''2/ir  Cv)~““*exp  [+yV4]  (12) 
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gives 


ft.  S=  - Vir/2  (V2  ry)  e-*'*’  (13) 

and  the  approximate  eigenvalue  equation 

r(/i,  + 1)  tan  17/i,  = [(V2  ir,|)  2M.+1  e-J'** 

+ (V2ry)2M.+i  (14) 

Since  the  right-hand  side  of  (14)  is  small,  the  eigenvalues  are  approximately  integer 
and  £q.  (14)  can  be  solved  approximately  to  yield 

lK-n  + (27r)-v*  (n!)-‘  (^2  iryl)*»+*  4-  (V2  rv)=*+‘  ] . 

(15) 

The  eigenfunctions  are  oscillatory  between  the  turning  points  and  decaying  beyond, 
(ii)  The  northern  turning  point  lies  well  within  the  basin  but  the  southern  one  lies 
well  outside  the  basin,  i.e.,  Tj*  « 2ft,  + 1 « Yy*. 

The  asymptotic  relations  (12)  are  again  used  to  give  the  same  ft,  as  in  (13).  But 
iory^«  2ft,  4-1 


t/(-ft,-l/2,y) 

K(-/t,-l/2,y) 

where,  to  third  order  in  y(2fi,  -I- 1)“*^*, 


+ T(ft,  + 1)  cot  <r»,Cv)  (16) 


♦.(y)  = (M«  + l/2)‘/*  y - (tt/2)  ft.  -(1/24)  y*  (ft,  + l/2)->/» 

The  eigenvalue  Eq.  (10)  becomes,  appro.ximately, 
tan  iTft,  = cot  (V2  ITjI) 

‘ ITyl)  + 1] 

An  explicit  solution  to  (17)  is  reached  by  first  solving 

tan  irfi,<*>  * cot  ((2ft,«»  -b  l)‘/»  iy,|-(ir/2) 

-(1/6)  iy,|*(2fi,«»  + !)-*/»] 

for  ft,'**.  (Note  that  /t,'*’  is  the  eigenvalue  when  Yy  -*  + <».) 

The  approximate  solutions  to  (17)  are  then 


(17) 


(18) 


ft,  = ft,<*>  + \/2/it 


;T7^(V2y.y)2^'"^l 


to» 


Y.* 


-I) 


(19) 
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[ 


1 +(2/ff)- 


Y:, 


1 


V 1-‘ 

' + 


(2/t,'*'  + 1)*^*  3ir 

The  eigenfunctions  are  oscillatory  from  Ys  to  the  turning  point  and  decaying  further 
northward. 

Gii)  The  southern  turning  point  lies  well  within  the  basin  but  the  northern  one  lies 
well  outside  the  basin,  i.e.,  Yg* « 2ft,  -r  1 « Kj*. 

Now 

h.  = rOt.  + 1)  cot  <h.  (V2  Yy) . 

while 

tan  ir/t,  = cot  <h(\/2  Ky) 


+ v'ff/2 
Again  the  equation 


(V2 

r(/i,  + i) 


,-r. 


[tan  IT  ft,  cot  <t.(V2  Yy)  + 1] . 


tan  = cot  [(2/i,<*>  + 1)*''-  Yy  — (ir/2) 
- (l/6)ry»(2M."‘>  + l)-‘^’] 
is  solved  and  the  approximate  eigenvalues  are 


(20a) 


r»'**  [i+(2/tt)- 


+ 1) 
1 


(20b) 


\Ys\* 


r‘ 


(2/i.'*’ + 1)*'=  (2/i,'»* + !)>''* , 

The  eigenfunctions  are  decaying  south  of  the  turning  point  and  oscillatory  from  the 
turning  point  to  Yy. 

Civ)  Both  turning  points  lie  well  outside  the  basin,  i.e.,  Ys*  and  Yy'^  « 2/x,  + 1. 
Only  the  asymptotic  relation  (16)  need  be  used  for  this  case.  We  find 


h.  = - r(At,  + 1)  cot  (v'2  Yy) 
and  j eigenvalue  Eq.  (10)  reduces  simply  to 

sin  1(2/1,  + 1)*/*  (ir,|  + Yy)  - (1/6)  (2/1,  + l)-‘/» 

•(ini*  + yv*)]=o 

with  solution,  valid  to  0(1 /n*) , 

/^"‘”^^/‘)t  (Ini  + y.v)^  ( '3)  ihl  + r.v 

36/i^t^  /’  '*’■* 


(21) 


(22) 


(23) 
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The  solution  (22)  and  (23),  to  order  n*,  is  identical  to  the  solution  of  the  equa- 
tion*^ of  motions  without  any  coriolis  force  at  all  in  a meridionally  bounded  basin; 
the  corresponding  eigenfuncdons  are  just  sines.  The  additional  terms  to  0(1)  and 
0(l/n*)  are  significant  corrections  for  the  low  order  modes  but  lose  their  importance 
for  the  higher  modes. 

Fmally,  we  note  that  for  2^  -f  1 large  (it  need  be  no  smaller  than  10),  there  is  a 
uniform  approximation  for  the  solutions  of  (3)  (Abramowitz  and  Stegun,  196S) 

Vi-n  -1/2,  :>-)  = 2“/»  r AiO)  (24a) 


r(fi+i)  n-H-  -1  /2,  y)  = 2“/=  r (^4b) 


where 


f = y(2ft  + !)-»/%  t=(4fi  + 2)»/»  T 


-(+  •. ) " 


e,  = (1/4)  arc  cos  f - (1/4)  ^ VI  - T 
= (1/4)  I V?^^  - (1/4)  arc  cosh  f . 


(7a)  and  (10)  then  become 


^/•[av2y.v)] 

b,  r(/t,  + 1)  y.y)i 


r ^i[fn(V2  y.v)i  /(/[f,(V2  jy^Di  1 

tan  L 5i(r,(v  2 y.v)]  BilUVZ  1 ^1)]  J 

r^<TaV2|y.!)i-]  _ p/[f.(V2  y.v)n 
“ L Bi[t,(V2 1 ysDi  J L 5«[f.(V2  y.v)i  J ~ ^ • 


It  can  be  checked,  by  using  the  appropriate  asymptotics  of  the  .*\iry  functions,  that 
cases  (i),  (ii),  (iii)  and  (iv)  can  be  derived  as  the  appropriate  low  order  limits  of  (25) 
and  (26). 

We  will  illustrate  these  results  by  comparing  these  analytic  approximations  with 
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Figure  2.  (left).  Nonnalized  eigemnodes  of  the  v equation  (3)  for  a [—3.3]  basin,  (a)  Modes 
n ^ 0 to  3;  (b)  Modes  n » 4 to  7. 

Figure  3.  (right).  Nonnalized  eigenmodes  of  the  v equation  (3)  for  an  asynunetric  [—5,1.7] 
basin,  (a)  Modes  n » 0 to  3;  (b)  Modes  n = 4 to  7. 


rcgults  obtained  by  solving  (3)  and  (4)  by  direct  numerical  means.  We  will  con- 
sider three  separate  basins,  one  basin  symmetric  about  the  equator  whose  walls  are 
relatively  far  from  the  equator,  [—3,3],  one  asymmetric  basin  whose  northern  wall 
is  relatively  close  to  tLe  equator  at  approximately  the  same  position  as  the  Gulf  of 
Guinea,  [—5,1.7],  and  a symmetric  basin  both  of  whose  walls  are  close  to  the 
equator,  [-1.7,1.?]. 

a.  Basin  [— J,i] 

The  first  eight  eigeufuncuons  are  shown  in  Figure  2.  The  first  four  have  \/2fi  + 1 
< 3 so  their  turning  points  ate  inside  the  basin.  In  each  of  these  first  four  eigenfunc- 
tioos  we  see  evidence  of  decay  toward  the  northern  and  southern  boundaries  with 
oscillatory  behavior  equatorward  of  this  decay.  Starting  with  the  fifth  eigenfunction, 
the  turning  poina  are  outside  the  basin  and  no  evidence  of  decay  toward  the  walls 
is  seen.  In  accordance  with  the  properties  of  the  Airy  and  Bairy  functions  in  (24), 
we  notice  that  the  envelope  of  the  oscillatory  part  of  the  eigenfunctions  decays 
toward  the  equator. 

We  .au  compare  the  numerically  obtained  eigenvalue  with  the  two  approxima- 
boos  relevant  to  this  case — (i)  and  (iv). 

The  approximadon  (15)  for  the  lowest  two  eigenvalues  is  quite  good  because  the 
exponential  decay  of  the  eigenfunction  toward  the  walls  is  quite  rapid.  The  approxi- 
mation (23)  is  less  good  because,  while  the  turning  points  are  reasonably  far  outside 


.f 
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Numerical 

Eq.(15) 

Eq.(23) 

Mt 

.00039 

.00042 

invalid 

1.006 

1.008 

invalid 

2.041 

2.068 

invalid 

3.164 

3.406 

invalid 

/** 

4.4S4 

invalid 

4.263 

5.973 

invalid 

5.821 

7.753 

invalid 

7.633 

9.804 

invalid 

9.708 

12.129 

invalid 

12.053 

the  baeiii,  the  eigeavelue  is  not  yet  very  ltr|e  competed  to  unity.  The  approximations 
are  least  good  when  the  turning  point  is  near  the  wall. 

b.  Basin  [—5, 1.7] 

The  first  ei^t  eigenfunctions  are  shown  in  Figure  3.  In  this  case,  only  the  lowest 
eigenfunction  has  both  turning  points  inside  the  basin.  Ggenfunctions  1 throu^  7 
have  the  northern  turning  point  outside  the  basin  and  the  southern  one  inside  the 
basin.  Eigenfunction  8 (not  shown)  has  its  southern  turning  point  right  at  the 
boundary,  and  eigenfunctions  9 and  above  have  both  their  turning  points  outside 
d>e  basin. 


Numerical 

Eq.  (20a) 

Eq.  (20b) 

Eq.(15) 

Eq.(23) 

.046 

invalid 

.053 

invalid 

Ml 

1.220 

1.252 

1.252 

1.308 

invalid 

Mt 

2.532 

2.542 

2.542 

invalid 

invalid 

M. 

3.943 

3.947 

3.947 

invalid 

invalid 

M« 

5.424 

5.526 

5.426 

invalid 

invalid 

Mt 

6.957 

6.956 

6.963 

invalid 

inv*»>id 

Mt 

8.541 

8.525 

8.645 

invalid 

invalid 

Mr 

10.209 

10.124 

invalid 

invaiid 

invalid 

Mt 

12.025 

11.749 

invalid 

invalid 

11.343 

Mt 

14.047 

invalid 

invalid 

invalid 

13.487 

We  see  that  in  all  cases  the  eigenvalues  are  reasonably  ^>proximated  (to  no  worse 
than  a few  percent)  by  the  expression  (20),  (15)  or  (23)  in  the  appropriate  regions 
of  validity.  The  one  exception  is  the  eigenvalue  whose  eigenfunction  has  a turning 
point  at  the  wall  and  this  one  is  approximated  to  10% . 

c.  Basin  [-1.7, 1.7] 

Only  the  lowest  eigenfunction  in  this  small  basin  case  has  both  turning  points  in< 
side  the  basin,  all  others  having  both  turning  points  outside  the  basin.  The  lowest 


eigeofuncdon  looks  gaussian,  all  higher  ones  are  indisdnguishable  from  sines  and 
cosines. 


Numerical 

Eq.(15) 

Eq.(23) 

.103 

.107 

invalid 

1.603 

invalid 

1.655 

3.793 

invalid 

3.808 

6.797 

invalid 

6.803 

M4 

10.645 

invalid 

10.648 

15.344 

invalid 

15.346 

20.895 

invalid 

20.896 

Mr 

27.299 

invalid 

27.300 

M* 

34.557 

invalid 

34.558 

The  approximations  for  the  lowest  eigenvalue  given  by  (15)  's  quite  good,  while 
the  approximadon  (25),  valid  wbcu  both  turning  points  are  outside  the  basin,  is 
essentially  exact  for  the  hi^er  eigenvalues. 

We  can  summarize  the  solutions  to  the  v equation  by  noting  simply  that  those 
low  order  modes  whose  turning  points  both  lie  within  the  basin  resemble  the  un> 
bounded  solutions  in  the  sense  that  the  eigenvalues  are  exponentially  close  to  in* 
tegers  and  the  eigenfunctions  are  very  close  to  the  unbounded  solutions  (Hermite 
functions)  except  that  they  are  brought  to  zero  within  a local  Rossby  radius  of  de* 
formation  of  the  boundaries.  Those  high  order  modes  whose  turning  points  both 
lie  outside  the  basin  are  oscillatory  in  structure,  being  quantized  by  the  north  and 
south  walls,  and  to  lowest  order  (nO  resemble  modes  in  a non-rotating  system,  the 
effects  of  P entering  only  to  order  I . 

While  the  low  order  v modes  resemble  their  unbounded  counterparts,  the  enforced 
vanishing  at  the  boundaries  leads  to  interesting  behavior  of  the  associated  zonal 
velocity  and  height  fields. 

Corresponding  to  each  eigenfunction 

V.  = -1/2,  V2  ,v)  + b,  V(-^  -1/2,  V2  >) 

are  u and  h fields  given  by 


~ * ''•'1 

f*»  = -'"Trp' y (27) 

where  w.  satisfies  the  dispersion  relation  (5). 

Because  the  derivative  of  a series  asymptotic  to  v,(.v)  need  not  be  asymptotic  to 

> tt  proves  convement  to  re-express  (27)  in  terms  of  U and  V only.  This  can 


be  done  using 


C/(-M  -1/2,  V2  y)  = -y  Ui-ft  -1/2,  V2  y)  + V2  m Vi-ii  +1/2,  V2  y) 

(28) 

and 

Vi-fi  -1/2,  V2  y)  = -y  -1/2,  y)  + V2  K(-ft  +1/2,  V2  y) 

(Abramowitz  and  Stegun,  1965). 

This  yields 

«n(y)  = - A*)“*  [(«»  + *)y  v.(y)  -\j2knn 

• +1/2,  V2  y)-\/2kb,  V{-iK  +1/2,  V2  y)l  (29a) 

A»(y)  = I(w,’  - A:-)-‘  [(«,  + *)y  v,(y)  - \/2  ou 

• + 1 /2,  V2  y)  - V2  b,  + 1 /2,  V2  y)]  (29b) 


where  <u,  and  k must  satisfy  the  dispersion  relation  (5). 

We  can  illustrate  the  use  of  (29)  by  examining  the  behavior  of  the  u and  h fields 
corresponding  to  the  lowest  eigenvalue  « 1.  Consider,  for  convenience,  a sym- 
metric basin  extending  from  Ys  = -L  to  Kj?  = L where  L > 1.  Then 

/i«  m 2n—^/'  L exp  [-Z,’]  (using  Eq. a)) 
and 

boat-  (1/2)77  Ho  (using  Eq.  (1 3)) 
and 

w.,»  -k'-  = 1 + 2#to  (see  Fig.  1). 

Consider  the  region  near  &»,  Jfc  - 0,  where  w,  — -kO-fin  + 1)~S  so  that  we  are  on 
the  “Rossby-Kelvin”  pan  of  the  dispenion  curve  (the  reason  for  this  nomenclature 
will  soon  be  apparent).  The  h»  ^ can  thus  be  written 


«o  = -2~[  -V  V,  (y)  -(W2)C^(-/+,  +1/2,  v/2  y)  + ^ K(-/a,  +1/2,  sJ2  y)] 

(30a) 

ho  * ~[  y V,  (y)  +(l/V?)£((“/*o  +1/2,  \/2y)-  ^ V{-Ho  +1/2,  V2  y)]  . 

(30b) 


As  y gets  large  compared  to  one,  the  V term  dominates  and 


Uo 


ho  •“*  — 


i 

‘Uo 

i 

4<u 


\/ir  exp  [y-V2] 
y/TT  exp  [y-/2] 


Y y»i. 


Ola) 
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Figure  4.  u,  v,  end  A fields  (or  the  n = 0 Rorsby-Kelvin  weve.  (e)  la  a basin  [—3,3],  w = + .5, 
Jt » -JOI;  (b)  In  a basin  [-5,1.7],  o.  = .5.  t = -.603. 


For  y large  and  negative,  use  of  (8)  with  fig -0  gives 
“•  "♦  — ^ «p 

_ (31b) 

^ V r exp  OV2] 

We  see  that  the  u and  h field  corresponding  to  the  lowest  eigenfunction  corre- 
spond to  a westward  propagating  anti-symmetric  Kelvin  wave  on  the  northern  and 
southern  waL  Figure  da  shows  the  u«  and  />«  field  that  belongs  to  the  lowest  eigen- 
function in  a [—3,3]  basin.  The  amplitude  of  u«  and  fh  is  0(1 /at)  with  respect  to 
Vo  and  so  is  increasingly  dominant  at  low  frequency. 

Using  the  same  sort  of  reasoning,  we  can  easily  show  that  even  when  the  fre- 
quency and  wave  number  are  not  small,  those  parts  of  the  n = 0 dispersion  curve, 
both  Rossby-Kelvin  and  inertia-Kelvin,  that  lie  near  a + k = 0 have  their  u and  h 
fields  decay  exponentially  away  from  the  walls  and  are  thus  “Kelvin-like.” 

As  we  go  to  higher  mode  numbers  n,  b,  in  (29)  stays  exponentially  small  while 
ftn  increases  at  least  as  n (and  ultimately  as  n-)  so  that  while  neither  u nor  h gees 
to  zero  on  the  boundaries,  the  V term  no  longer  dominates  and  the  behavior  is  not 
Kelvin-like  near  the  boundaries.  (Fig.  S shows  the  n = 1 long  Rossby  mode  in  a 
symmetric  basin.) 

The  two  solutions  left  out  of  our  catalog  are  those  with  v ■§  0 and  these  corre- 
spond to: 

(a)  An  eastward  propagating  symmetric  equatorial  Kelvin  wave 
Mr”  = - exp  [-yV2],  co  = k 

with  maximum  amplitude  on  the  equator. 
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Figure  5.  u,  v,  end  A fields  for  the  n * 1 kossby  mode,  in  > buin  [-3,3]  « * -i*  .2,  A * —.690. 


Because  the  basin  is  bounded,  another  soiudon  exists,  namely, 

(b)  A westward  propagating  symmetric  ‘*and-"Kelvin  wave 

= hg*  - exp  tyV2],  <u  = -A  (32) 

with  maximum  amplitude  at  the  northern  and/or  southern  boundary. 

As  Moore  (1968)  has  pointed  out,  the  dimensional  form  of  (32)  near  the  northern 
boundary,  say,  can  be  written 

exp  (Yy  — Tf)*  = exp  C-17/^*]  e^p  J 


where  17  is  the  distance  from  the  northern  wall  and  Lg  — -3-^  ■ is  the  Rossby  radius 

p*y 

of  deformadon  characterisdc  to  the  northern  wall.  Since  « li  (33)  shows 

that  the  function  exp  [y*/2]  does  indeed  behave,  approximately,  like  our  usual  con- 
cept of  a coastal  Kelvin  wave,  decaying  exponentially  away  from  the  boundary  with 
scale  Lji. 


Sums  and  differences  of  the  (and-symmetric)  Rossby-Kelvin  wave  (Eq.  (31))  and 
the  (symmetric)  and-Kelvin  wave  (Eq.  (32))  can  be  taken  to  produce  isolated  coastal 
Kelvin  waves  on  either  the  northern  or  the  southern  boundaries  in  this  symmetric 


case. 


The  situation  is  slighdy  different  in  the  asymmetric  case.  If,  say,  the  southern  wall 
is  much  further  from  the  equator  than  the  northern  wall,  i.e.,  |y«|  » Yy>  1,  then 
the  relation  between  and  /x«  changes  to  A,  = The  northern  wall  behavior 
in  (30)  is  still  dominated  by  the  V term  yielding 


Mo  -»  -5—  Vir  exp  [y  V2] 
exp  [y'/2] 

•6 


as  y -0  y.v . 


k 
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Now,  however,  analysis  of  (30)  for  y < 0,  using  (8),  gives  a cancellation  in  which  V 
no  longer  enters  and  the  Uo  and  /to  fields  south  of  the  equator  decay  exponentially  to 
the  southern  wall.  (This  behavior  is  illustrated  in  Figure  4b  for  a [—5,1.7]  basin.) 

Isolated  northern  wall*trapped  Kelvin  waves  can  thus,  in  this  asymmftiic  case, 
be  constructed  out  of  the  /i  s O Rossby*Kelvin  mode  alone.  Isolated  Kelvin  waves 
trapped  to  the  southera  boundary  can  be  constructed  out  of  an  anti-Ke'vin  wave 
(32),  with  the  northern  branch  subtracted  away  by  an  equal  amount  of  n = 0 
Rossby-Kelvin  mode. 


3.  Review  and  Dotadoo 


a.  Free  modes 

In  the  last  section  we  have  considered  the  eigenfunctions  of  the  v equauon  (3) 
subject  to  zero  boundary  conditions  on  the  north  and  south  boundaries.  If  we  define 
the  normalized  version  of  these  eigenfunctions  as 


r /'Y, 


'Ifniy)  * v,Cv)  J ^ v,5(y)  dyj 


“I  -i/» 


then  the  normalized  vector  of  the  Fou.ier  components  of  the  free  solutions  to  (1) 
subject  to  the  boundary  conditions  (2a)  (but  not  (2b))  can  be  written 


[u.v.h]  = <h..;(it.y)  (34) 

where  n labels  the  mode  number  0,  1 ....  « and  / represents  one  of  the  3 solutions 
to  the  dispersion  relation  (5). 

Let  us  introduce  the  auxiliary  vectors,  as  in  1 and  II; 


W.(y)  = (y«ff.(y),0,-<(y)) 

(35a) 

and 

V.(y)  = (0,  «/».(y),  0) 

(35b) 

and  the  vector  product 

M,(y)  = (-<f»,'(y),  0,  yif»,(y)) 

(35c) 

rYs 

[A(y)3(y)]=  1 [/<»•  + A:*  5,]  dy 


in  terms  of  which  it  is  easy  to  derive  the  following  properties  of  the  auxiliary  func- 
tions direcdy  from  the  defining  Eq.  (3); 


[W..W,]  * (2m,  + 1)  8„  [W„M,]  = 5„, 

[M„M.]  « (2m,  ^ 1)  5«,  [M.,V.]  = 0 

[V.,V.]  s 8„  [W..V.]  * 0 . 


(36) 


IK. 
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(37) 


The  free  solutions  (34)  then  bt  c-  ne 

♦•j  (*.y)  “ K,K*)W.  + jk  M.(y)  ■ - *»)  V.(y)l  N,j-^ 

for  n ss  0, 1 ...  and  / a 1 , 2, 3,  where  the  normalization  (actor  N,j  is  given  by 

N,j*  a (2m,  + 1)  (a>,j*  + **)  + 2*  + («,,,» - . 

These  functions  are  complete,  as  shown  in  the  Appendix,  and  have  the  ortho* 
normality  property 

(38) 


In  adthdon,  it  proves  useful  to  introduce  a vector  which  has  v = 0 aud  whose  u 
and  h components  are  proportional  to  the  Rossby  (u  ■■  —k(2fj^  4*  1)~^'^  Umits  of 
(37); 

R.a(4M,(M.+  l))-‘[(2M,+  l)M,-W.]  (39) 

which  has  the  following  properties; 

[R,.R.l  a (2/i.  + 1)  (4m.  (m.  + l))-‘ 

[W,A,]a0,[M,,R,]  = 0.  (40) 

The  V Mi  0 modes  discussed  in  Section  2 are  written: 


where 

and 


{u,0Jt)  a ♦*.st(y)  exp  [iA(x  ± r)I 
•i.*.(y)  - Mx*  = 2-‘/»  T .^rx-) 

^x*(y)  * fl*  exp  [i  yV2] 


(4i.» 


is  normalized  by 


Y,  *)-i/» 

exp  [^y*/dy  . The  Mx~  are  normalized  and  mu* 


tually  orthogonal.  The  “minus”  solution  is  the  equatorial  Kelvin  wave  while  the 
“plus”  solution'is  the  symmetric  anti*Kelvm  wave  with  maximum  amplitude  along 
the  northern  and  southern  boundaries. 

It  is  easOy  verified  that  [Mx-,W,]  = [Mx*,M«]  = 0 so  that  tMx"»Ri]  = 0. 

If  either  Ya  or  Ya  recedes  to  infinity  the  and*Kelvin  wave  U no  longer  a solution. 
If  both  Yf  and  Y a recede  to  infinity  then  the  and-Kelvin  mode  ^x.-t-x  the  Rossby* 
I^vin  mode  0»,i,  and  the  gravity  Kelvin  mode  are  no  longer  solutions.  The 
short  wave  part  of  Os.«  and  0,.,  then  merge  to  produce  the  “mixed"  mode  (cf. 
Matsuno,  1966). 


b.  The  x-independeru  forced  response 

The  forced  response  to  a vector  of  x-independent  forcings  F s (F.C.Q)  switched 
on  at  I M 0 is,  by  the  methods  of  I: 
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Fiinra  6.  ZoaaOy  nabouoded  lespoase  to  a nendioaal  wnd  (7  *■  1.  (•}  Basis  [— 5J]  (osly  ths 
pact  becwaea  —5  sad  2 is  shows— the  remaiadsr  is  kaows  by  syameny);  (b)  Basts  [-5,1.7); 
(c)  Basis  (-1.7.1.71. 


■ « («<«  (y)t,  v<*»  (y),  A»>  (y)0  + (««*>  (y),  0,  A‘*>  (y))  + n(y.i)  (42) 

irtiere 

(„tt).v<s)^U))  = rf,-  M,-(y)  + M,+  + 2 i)  <2'*-  + 1)”‘  ‘*'V.(y) 

•*« 

(43) 

(u‘*>.0.A‘*»)  = 2 + D-*  B.  W.(y)  (44) 

and 

■/  = 2 ^ (^5) 

where  m = (2/i«  + 1)*''*. 

The  response  (tf'*’  f,  A<^’r)  is  due  to  zonal  wind  and  mass  focdnp-with 
d,*=2-»/*(^'  + C)x* 
d^«(yf  + dC/dy), 
r,  - (dF/dy  + yfi),  - (2/*,  + l)-‘  d. 


where  the  noution  (i4).  B I A^»dy.  — ^ 

J r. 

The  response  (u<-’,  0,  is  d . o meridional  wind  forcings,  where  g.  «*  «7).. 
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The  icqwoie  >/  is  the  initial  interdal  gravity  te^xmse  needed  to  set  up  the  x-inde- 
pendent  Adds  (see  1 and  II  for  a thoroogfi  discussion). 

By  applying  the  operator  L wm  — y*  ^ ^th  zero  boundary  conditions  at 
Yt  and  Yj,  it  is  easy  to  see  from  (44)  and  (3)  that 

L(-«‘*»/y)  * L ^ A<*>  * G (46) 

Figure  6 shows  the  results  of  solving  (46)  numerically  in  the  three  basins  of  interest 
forG»l. 

Similariy,  applying  £.  to  the  part  of  (43)  gives 

L(v<‘))  = yF  (47a) 

and  in  terms  of  thU  solution 

hu»  s:  (47b) 

jiu»  yv'‘’ . (47c) 

Figure  7 shows  the  results  of  solving  (47a,  b,  c)  in  the  three  basins  of  interest  for 

F«l. 

c.  Examplts 

The  modal  decompositions  of  and  ■'*’  are  given,  for  Ave  different  north-south 
basine,  in  Tables  1 and  2 for  the  spedAc  cases  F = 1 and  G a*  1,  respectively. 
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T«bl«  1.  Th«  OKxUl  <i«compoutioo  of  the  zoaelly  unbounded  response  to  F * 1 end  its  re- 
flection er  the  eestem  boundery.  The  third  column  lists  the  coefficients  enterini  the  secnlerly 
growing  pert  of  (42)  end  (43),  end  the  fourth  column  lists  the  coefficients  of  the  suedy  pert 
of  this  response.  The  fifth  colunm  lists  the  meridionelly  integreted  zonel  mess  fiux  for  eech 
mode  entering  the  sum  of  ell  modes  summing  up  to  the  totel  in  the  eighth  column.  The 
sirth  column  gives  the  coefficients  of  the  csstem  boundery  reflection  of  u*^  in  Eq.  (54)  end 
the  seventh  the  zonal  mess  flux  of  each  component  of  the  reflection. 


Basin 

Mode 

dt*.  r. 

d. 

Ijtu 

1 u‘“ 

J Y, 

[—«,*] 

X(+) 

0 

0 

0 

0 

1122 

K(-) 

1.331 

— 

1.772 

0 

0 

1 

- .888 

2.663 

.295 

3.550 

-1.181 

3 

- .466 

3.261 

.032 

3.727 

- .253 

5 

- .331 

3.646 

.010 

3.977 

- .122 

7 

- .263 

3.938 

.005 

4.200 

- .074 

[-5.5] 

X(+) 

.655 

.429 

-1.310 

- .853 

1504 

X(~) 

1.331 

— 

1.773 

0 

0 

1 

- .888 

2.663 

196 

3.550 

-1.182 

3 

- .466 

3.259 

.032 

3.724 

- .254 

5 

- .329 

3.623 

.010 

3.951 

- .122 

7 

- 251 

3.774 

.004 

4.035 

- .073 

[-3.31 

JC(+) 

.931 

.867 

-1.862 

-1.733 

1874 

X(-) 

U28 

— 

1.764 

0 

0 

1 

- .831 

2.502 

157 

3.333 

-1.033 

3 

- .315 

1311 

.014 

1623 

- .116 

5 

- .121 

1.566 

.001 

1.687 

- .015 

7 

- .051 

1.502 

-10- 

1.104 

- .022 

[-1.7.1.7] 

JC(+) 

1.175 

1.381 

-1350 

-2.761 

2.883 

X(~) 

1.223 

— 

1.496 

0 

0 

1 

- .326 

1.372 

.027 

1.698 

- .139 

3 

- .052 

.756 

—10— 

.808 

- .003 

5 

- .014 

.487 

0 

.502 

0 

7 

- .006 

.358 

0 

.364 

0 

[-5,1.7] 

X(+) 

.463 

. 151 

- ,927 

- .431 

1660 

K{~) 

1.277 

1.63! 

0 

0 

0 

- .353 

.384 

.702 

.737 

-1.468 

1 

- .629 

1163 

.126 

1792 

- J58 

2 

- .225 

1.362 

.009 

1.588 

- .061 

3 

- .275 

1442 

,009 

1718 

- .086 

4 

- ,166 

1.964 

.002 

1130 

- .030 

■r 
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Tablt  2.  The  modal  decomposition  of  the  zonally  unbounded  response  to  C * 1 and  its  reliec* 
tion  at  the  eastern  boundary.  The  third  column  lists  the  coefficients  f.  * (1).  in  Eq.  (44),  the 
fifth  column  lists  the  meridionally  integrated  zonal  mass  flux  for  each  mode.  The  fbutth  col- 
umn lists  the  coefficients  of  the  eastern  boundary  reflection  in  Eq.  (5S),  while  the  sixth  gives 
the  reflected  mass  corresponding  to  it.  The  last  column  gives  the  constant  h,  in  Eq.  (55). 


Basin 

Mode 

g‘ 

c 

c/,<« 

l/r,n 

rr> 

1 «"<fy 

J Y, 

h» 

[«.«] 

0 

1.883 

0 

0 

0 

0 

0 

2 

1.331 

6.390 

0 

0 

4 

U53 

10.249 

0 

0 

6 

1.053 

13.602 

0 

0 

[-5,5] 

0 

1.883 

5.91X10-'* 

0 

0 

0 

0 

2 

1.331 

6.390 

0 

0 

4 

1.153 

10.249 

0 

0 

6 

1.041 

13.457 

0 

0 

[-3.3] 

0 

1.871 

.0975 

0 

0 

0 

0 

2 

1.186 

6.610 

0 

0 

4 

.723 

9.353 

0 

0 

6 

.440 

10.905 

0 

0 

t-1.7,1.7] 

0 

1.623 

1.750 

0 

0 

0 

0 

2 

.635 

9.373 

0 

0 

4 

.353 

14.770 

0 

0 

6 

244 

20.212 

0 

0 

[-5.1.7] 

2.167 

1.004 

-1.596 

.0986 

0 

1.762 

.241 

-.620 

-.480 

1 

.348 

1.822 

-.217 

.364 

2 

1.053 

4.801 

-.237 

.183 

3 

.466 

5JS2 

-.128 

.16? 

4 

.336 

7.898 

-.139 

.Ill 

5 

.468 

8.382 

-.082 

.099 

6 

.684 

9.696 

-.080 

.063 

7 

.352 

8.660 

-.037 

.043 

Table  1 (continued). 


5 

- .175 

2.611 

.002 

2.786 

- .033 

6 

- .117 

2.109 

.001 

2.225 

- .014 

7 

- .106 

2263 

.001 

2.369 

- .012 

8 

- .060 

1.511 

— lO-* 

1.562 

- .003 

For  the  G = 1 case,  = (1)„  so  that  in  basins  symmetric  with  respect  to  the 
equator,  only  even  (symmetric)  modes  enter,  while  in  the  [—5,1.7]  basin,  all  modes 
enter.  Since  they  are  orthogonal  to  the  forcing  (0,G,0),  note  that  neither  the  Kelvin 
nor  the  anti-Kelvin  waves  can  ento^  the  sum  for  The  meridionally  integiaicd 
zonal  ma«s  fiuz  is  defined  for  each  mode  of  (44)  as 

dy  = (D.(y).aM»  l)-‘ 

r. 

where  (44)  and  the  definitions  (35)  have  been  used.  Only  in  the  asymmetric  basin 
[—5,1,7]  does  !/<*>  have  any  meridionally  integrated  zonal  mass  flux — in  the  sym- 
metric basins  (l)«(y)«  = 0 for  each  mode  by  symmetry  considerations;  Figure  6 
makes  this  clear. 

For  the  F = 1 case,  the  coefficients  of  the  part  of  (43)  that  varies  as  / are 
- 2-‘/>(l),-  ds+  = 2-»/»(l)r+  and  r,  = -(2/x,  +1)“"  (y),  and  are  listed  in  the 
third  column  of  Table  I.  The  meridionally  integrated  zonal  mass  flux  correspond- 
ing to  these  modes  are  Ut~  = 2~*  [(l)r~]’,  V’k+  = 2“^  [(l)ir ■*■]*,  and  £/,  = [(y)«]* 
[4;i»(/i,  + 1)  (2/1,  + 1)]~‘  and  these  fluxes  are  shown  in  the  fifth  column.* 

It  is  of  special  interest  to  note  that  for  those  basins  symmetric  about  rhe  equator, 
the  anti-Kelvin  part  of  u<^’  carries  more  mass  flux  as  the  basin  gets  smaller.  u<*>  in 
the  infinite  basin  has  no  anti-Kelvin  part  (by  the  requirement  of  boundedness).  As 
we  go  to  the  [—5,5]  basin,  the  lowest  few  modes  are  essentially  unchanged  from  the 
unbounded  case  because  their  turning  points  are  still  well  within  the  basin.  Essen- 
tially the  only  difference  between  the  unbounded  case  and  the  [—5,5]  case  is  the 
anti-Kelvin  contribution,  as  can  be  seen  graphically  in  Figure  7a.  As  the  basin  gets 
smaller,  the  anti-Kelvin  mode  increases  in  importance  undl  we  get  to  the  [-1.7, 1.7] 
basin  where  we  see  that  essentiaffy  all  the  zonal  mass  flux  in  can  be  accounted 
for  solely  by  the  Kelriin  anc  anti-Kdvin  modes. 

4.  The  responses  doe  to  meriffionnl  boundaries 

Our  method,  as  in  Papen  I and  n,  consists  of  calculating  the  zonaUy  unbounded 
response  and  then  finding  the  response  at  the  meridional  boundaries  x = 0 and  Xb 
needed  to  bring  the  zonal  velocity  to  zero.  These  boundary  responses  eventually 
reach  the  other  boundary  where  they  generate  additional  boundary  responses,  again 
those  needed  to  bring  the  zonal  velocity  to  zero.  The  deuiled  sequences  of  events 
leading  to  spin-up  will  be  described  in  the  next  section.  This  section  wiU  show  how 
to  calculate  all  the  needed  boundary  responses  for  use  in  the  following  section. 

We  should,  at  outset,  make  clear  the  relation  between  the  method  used  in  the 

7.  Note  Out  the  total  mass  fliu  in  the  zooaily  unbounded  solution  listed  in  the  eighth  column  of 
Table  1 and  the  seventh  of  Table  2 a reached  by  numerically  inugratias  and  u'",  respectively. 
The  failure  of  the  modal  sums  to  add  to  the  total  in  the  basin  cases  is  s messure  of  the  total  incurred 
error  and  nowhere  exceeds  half  a percent 
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meridionally  unbounded  case  in  II  (Moore's  algorithm;  Moore  and  Philander,  1977) 
and  the  method  used  here.  Moore’s  algorithm  depends  on  the  detailed  properties  of 
the  Hermite  functions  whereby  the  Un  and  field  corresponding  to  meridional  ve> 
locity  V,  have  components  only  involving  Hermite  functions  n + 1 and  n — 1.  Thus 
at  each  boundary  u»  is  cancelled  only  by  contributions  from  and  Un^i  and 
Moore’s  algorithm  results.  In  the  meri^onally  bounded  case,  however,  the  eigen* 
values  do  not  differ  by  integers  so  that  while  lu  can  be  expressed  as  parabolic  cylin* 
der  functions  of  order  ftn  ^ I,  these  same  cylinder  functions  are  not  also  parts  of 
Umsi'-  Moore’s  algorithm  fails.  The  method  we  used  instead  is  one  of  projections.  In 
the  meridionally  unboimded  case,  we  have  already  demonstrated  a unique  corre- 
spondence between  projection  coefficients  and  the  coeffidents  of  Moore’s  algorithm 
(Eq.  (17)  of  n).  In  the  meridionally  bounded  case  only  the  projection  method 
survives. 

a.  Western  boundary  response 

The  xonally  unbounded  solution  (Eq.  (42))  has  planetary  wave  parts  varying  only 
as  t*  (r  =:  0 or  1).  The  western  boundary  response  must  consist  of  a Kelvin  wave 
plus  a sum  of  terms  composed  of  short  wavelength  Rossby  waves:  these  are  the  only 
planetary  modes  with  group  velocity  to  the  east.  This  response  may  be  written,  as 
inH: 


= b^H  (t  -x)(t-  x)‘  Ms-(y)  + u*(x,y,f)  (48) 

where,  to  the  lowest  order  in  t/x,  u*  is  nondivergent  with  its  meridional  velocity 
component  in  geostrophic  balance  with  the  height  field: 

U*-(«V-,A')  = [ - j|(-^y'*/,(2V^)X(y)}  (49) 

with 

X(y)  = lb^^n(y) . 

Because  x = 0 at  Tj  and  Yy  it  is  clear  that  | u*  (x,y,t)  dy  = 0.  Thus,  since  + 

"J  Yi 

u(y)t*  = 0 at  X = 0,  we  can  integrate  to  yield 


where 


bgSS 


\ u(y)  dy 

J Y» 


(50) 


(l)x- 


dy 


is  simply  the  projection  of  1 on  the  Kelvin  mode,  and  is  known  for  each  basin. 

Thus,  as  in  n,  the  Kelvm  amplitude  is  determined  by  noting  that  all  the  incident 
zonal  mass  fl'ix  onto  the  western  boundary  is  returned  by  the  Kelvin  wave.  An  ob- 


vious  corollary  that  will  prove  useful  in  what  follows  is  that  no  Kelvin  wave  is  ex> 
cited  off  the  western  boundary  when  the  incident  integrated  zonal  mass  flux  vanishes. 
With  hjc  known, 


X(y)~  [u(y) + bx\jtx-iv)]dy  (51) 

%/  Y$ 

and  the  h.’s  can  be  obtained  by  projection  from  the  now  known  function  xO*)* 

Any  Rossby,  Rossby-Kelvin,  or  anti-Kelvin  modes  emitted  as  part  of  the  eastern 
boundary’  response  (described  below)  produce  a western  boundary  response  that  can 
be  calculated  exactly  as  described  above.  In  particular,  all  the  meridionally  integrated 
zonal  mass  flux  is  returned  by  the  Kelvin  wave. 

b.  Eastern  boundary  response 

We  have  to  calculate  the  eastern,  boundary  response  needed  to  bring  the  un- 
bounded zonal  velocity  to  zero  and  to  reflect  any  Kelvin  waves  emitted  by  the  east- 
ern boundary. 

As  in  II,  we  can  use  (Ib)  and  (2a)  to  conclude  that,  asymptotically,  the  effect  of 
the  incident  Kelvin  mode  and  its  reflections  in  the  anti-Kelvin  and  Rossby  modes 
is  simply  to  raise  the  height  uniformly  (in  >•)  at  the  eastern  boundary  by  an  amount 

A: 


M, 


-b  air+  Mic+  4-  2 R-  = 


Taking  projections  successively  with  Mi“,  and  R«  yields 

A = ?‘/V(l)ic- 

= -A  2-^'*  (1),+  = - (l)sr+/(l)c-  , 


and 


a,  = (y),/(I)r-  . 


(52) 

(53a) 

(53b) 

(53c) 


We  can  also  see  from  (52)  and  (53)  that  the  meridionally  integrated  mass  flux 
associated  with  the  reflected  anti-Kelvin  wave  is  in  the  opposite  direction  to  the 
meridionally  integrated  mass  flux  associated  with  the  incident  Kelvin-wave.  The 
Rossby  waves  (including  the  n = 0 Rossby-Kelvin  wave)  must  carry  off  the  differ- 
ence of  the  mass  fluxes  due  to  the  Kelvin  and  anti-Kelvin  waves. 

The  eastern  boundary  response  needed  to  bring  the  zonally  unbounded  response 
to  a zonal  current  in  (43)  and  (44),  cf  form  u(y)f  to  zero  will  have  the  general  form 


where 


= H(U)  Mr+  + «(C-)  R.  + i V,} 


C.  = j 4-  (2/x,  ^ 1)  (X  - Xg) 


(54) 
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and 

Cx  = t + x-Xt. 

The  response  to  the  Rossby  and  and-Kelvin  mode  in  (43),  for  example,  is  the 
corresponding  free  mode  with  the  same  structure.  Thus  f R«  generates  an  eastern 
boundary  response  -r«  H(C.)R,  and  (dg*  generates  an  eastern  boundary 

response  -ds+  Cx  The  eastern  boundary  response  to  the  Kelvin  part  of 

(42)  is  found  in  an  obvious  way  using  Eq.  (S3)  to  find  the  reflected  coefficients. 

The  eastern  boundary  response  to  the  unbounded  response  generated  by  a 
meridional  wind,  (44),  is  a bit  different.  The  bondary  condition  at  x = is  that 
y(»)  + u"  ss  0.  Since  v‘=>  = 0 and  j = 0 in  (54)  we  have  that  = 0 and  it 

then  follows  from  (2b)  that  h,  = C.A  concise  statement  of  the  preceding  argument 
is  that,  at  = Xit, 


f 

/• 

I 


ry.»wrt><ihig* 


(«'->, 0,h<=')  + Cff+  Mi+  + V c,  R,  = (0,0,  C*  C dy  + h,)  (55) 

v/  0 

where  ho  is  as  yet  an  unknown  constant.  This  constant  can  be  determined  by  noting 
that  the  Kelvin  mode  is  orthogonal  to  each  term  on  the  left-hand  sid»  cf  (55). 

Projecting  M|r“  onto  (55)  and  using  the  notation  I(y;G)  = ^ G{y)dy  gives 

Ao  = -(/)ic-/(l)ir-  . (56a) 

Once  Ao  is  known,  the  c’s  can  be  found  by  projecting  M/r+  and  R,  onto  (55): 

cx+  = -2'*/’  (/),+  - 2-»/*  [(l)ir+]  A,  (56b) 

and 

c«  ~ (y/)»  - (2/1,  4-  l)-‘  -t-  Ao  (y),  . (56c) 

It  should  be  emphasized  that  the  results  (48),  (52)  and  (55)  are  asymptotic  results 
and  cannot  be  expected  to  hold  at  all  times.  Thus,  for  example,  if  an  anti-Kelvin 
wave  should  hit  the  western  boundary  and  reflect  as  boundary  trapped  modes  n* 
plus  a Kelvin  wave  according  to  (48),  it  will  take  time  for  the  Kelvin  wave,  whose 
amplimde  is  localized  about  the  equator,  to  be  produced  by  the  anti-Kelvin  wave, 
whose  amplitude  is  localized  near  the  (possibly  distant)  northern  and  southern 
botmdaries.  The  necessary  communication  cannot  be  accomplished  at  a speed  faster 
than  the  fastest  wave  in  the  problem,  namely,  unity.  It  in  fact  does  seem  to  take 
place  at  speed  unity  by  northward  and  southward  propagating  waves;  these  may  be 
thought  of  as  wall-Kelvin  waves.  Similariy,  when  a Kelvin  wave  hits  the  eastern 
boundary,  the  height  field  is  raised  first  at  the  equator  and  then,  with  speed  unity, 
to  the  north  and  south  of  the  equator  until  the  height  is  uniformly  raised  at  the  east- 
ern boundary.  The  asymptotics  of  this  process  is  analyzed  in  some  detail  by  Ander- 
son and  Rowlands  (1976). 
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Ttbla  3.  TIm  Mstera  boundity  rtflcctioo  of  Mt“.  Tht  fourth  colaam  liits  tho  cocffldtau 
puriag  ia  Eq.  (32).  tht  fifth  Um  Um  amount  of  refiaetad  matidionally  intagntad  zonal  masa 
finx  for  aach  mode,  and  tha  tixth  lista  tha  quantity  ^ in  Eq.  (32). 


Baain 

Moda 

Eitanvalua 

« 

V/Ug- 

A 

[-«,oo] 

1 

1 

2.000 

-.300 

.731 

3 

3 

1430 

-.123 

3 

3 

1739 

-.063 

7 

7 

1938 

-.039 

(-541 

^(+) 

-.492 

-442 

.731 

1 

1+3.92  X 10— 

2.000 

-400 

3 

3+1.63  X 10— 

1448 

-.123 

3 

3+2.04  X 10- 

1721 

-.062 

7 

7+1.22  X 10— 

1843 

-.036 

{-341 

«(+) 

-.701 

-.491 

.733 

1 

1.006 

1.884 

-.440 

3 

3.164 

1.741 

-.038 

3 

3.973 

1.179 

-.008 

7 

9.804 

.793 

-.001 

(-1.7.1.71 

«(+) 

-.961 

-.923 

.818 

1 

1.603 

1.122 

-.073 

3 

6.797 

.618 

-.002 

3 

13.344 

498 

-2X  10- 

7 

27499 

493 

-3  X 10— 

[-3.1.7] 

i:(+) 

-.363 

-.132 

.783 

0 

.046 

.301 

-.470 

1 

1420 

1.694 

-.263 

2 

2432 

1.067 

-.032 

3 

3.943 

1.913 

-.047 

4 

3.424 

1.338 

-.017 

3 

6.937 

1043 

-.019 

e 

8441 

1.631 

-.008 

7 

10409 

1.772 

-.007 

8 

12.023 

1.184 

-.002 

c.  ExampUs 

la  this  lubsectioa  we  will  exuniae  the  ea.**‘!m  boundary  response  to  on  incident 
Kelvin  wave  in  five  basins  of  interest,  and  the  boundary  response  to  the  unbounded 
solutions  forced  by  G ^ 1 and  F » i in  these  same  five  basins. 

Table  3 lists  the  low  order  terms  in  Eq.  (52)  for  the  response  of  a Kelvin  mode  of 
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unit  amplitude.  Me",  striking  the  eastern  boundary  of  five  basini  of  different  north* 
south  extent.  In  the  unbounded  basin,  the  Kelvin  wave  reflects  only  in  the  odd  n 
modes  (whose  zonal  velocity  is  symmetric)  with  half  of  the  incident  meridionally 
integrated  zonal  mass  flux.,  U*”  « 2"‘^*  (l)r",  being  reflected  in  the  n s i mode, 
and  slowly  decreasing  amounts  in  the  higher  modes.  Since  in  the  unbounded  case 

Un  _ a,*  _ 2»'»  (y),» 

~Uir  ” 4«(n+l)  (l)ff-  4n(n+l)  ’ 

we  can  use  the  summation  formula  given  in  the  Appendix  of  II  to  verify  that 


"V  I/,  = —Vg~.  We  sec  from  Table  3 that  27%  of  the  zonal  mass  flux  is  returned 

I 

in  modes  n = 9 and  higher.  Again,  using  the  summation  formula  in  the  Appendix 
of  n,  we  verify  that 


so  that 


Zug- 


a.Y«  _ m . 

4(iV+l)  2^-‘  (.V+1)  L\  2 J ‘ 

m 

2)  U.  = -.27I/r". 


(57) 


When  we  move  to  the  [-S41  basin,  we  see  that  24%  of  the  incident  Kelvin  wave 
zonal  mass  flux  is  now  returned  by  the  anti-Kelvin  wave  while  the  amount  returned 
by  the  first  few  Rossby  waves  hardly  changes.  In  fact,  we  can  easily  verify  that  the 
anti-Kelvin  mode  in  a basin  (,—LJL)  for  L » 1 reflects  an  amount  of  mass  flux 


which  in  turn  is  equal  to  thg  sum  of  the  mass  fluxes  that  would  have  been  returned 
by  ail  the  unbounded  modes  whose  tuminf  point  lies  beyond  L*.  Thus  in  a bounded 
basin  [-LX],  only  the  modes  whose  turning  points  lie  within  the  basin,  2ft%  -f  1 
< D,  reflect  any  mass  flux,  while  the  purely  oscillatory  modes  for  which  2ft.  + 1 
> L*  reflect  none.  Thus,  for  the  narrow  basin  case,  [-1.7, 1.7],  almost  all  the  inci- 
dent Kelvin  mass  flux  is  reflected  by  the  anti-Kelvin  mode. 

The  wesccto  boundary  response  to  the  unbounded  solution  and  u<*>,  in  re- 
spooft  to  F a 1 and  G 3=  1,  respectively,  contains  a Kelvin  wave  whose  amplitude 
is  such  as  to  reflect  all  the  mass  flux,  according  to  Eq.  (50).  The  total  zonal  mass 
fluxes  are  listed  in  Tables  1 and  2;  the  bg’s  are  then  gotten  from  (50). 

The  eastern  boundary  response  to  the  unbounded  solution  and  F s i is 
given  in  Table  1 , and  to  the  unbounded  solution  u*”  for  G =:  1 in  Table  2. 

4.  The  Am  put  o(  thii  mult  is  obttmtd  by  isyraptpticsUy  wpuulins  the  intesnls  ia  Vt'/Vg’  ia 
L while  the  seeoad  pan  is  obiaiaed  by  usia$  (37)  with  Z.V  -f  1 ■ L*  sad  uaias  Surliaa's  (onaula  to 
expand  for  Urge  N. 


S.  Nnmcrkil  siiinilatioiis  of  dint  dependent  response 

In  order  to  illustrate  and  make  concrete  the  analytical  results  presented  thus  far, 
we  wiU  in  this  section  present  numerical  results  for  the  linear  time*dependent  re- 
sponse of  three  equatorial  basins  to  the  simple  wind  stress  pattenos  F » 1 and  G » 
1.  The  first  basin  has  its  northern  and  southern  boundaries  relatively  far  from  the 
equator  at  ±5;  the  second  is  relatively  narrow  and  extends  from  -1.7  to  4-1.7;  the 
third  is  asymmetrical  with  its  northern  boundary  at  +1.7  and  its  southern  boundary 
at  —5.  All  three  basins  will  be  taken  to  be  10  units  long  in  the  zonal  direction  with 
the  western  boundary  at  x = 0 and  the  eastern  boundary  at  x = 10.  Since  neither 
of  the  simple  wind  stresses  we  have  chosen  has  curl,  the  steady  state  to  which  each 
basin  will  tend  is  simply  the  one  in  which  the  height  field  gradient  balances  the  im- 
posed wind  stress.  Thus  in  the  F = 1 case,  the  height  field  in  all  three  basiiu  will  be 
tilted  from  —5  to  5 with  longitude;  in  the  G ^ 1 case  the  height  field  will  tilt  uni- 
formly with  latitude  from  —5  to  5,  —1.7  to  1.7,  and  —3.35  to  3.35  in  the  wide, 
narrow  and  asymmetric  basins,  respectively. 

The  numerical  model  used  to  simulate  these  ocean  responses  has  been  described 
elsewhere  (Cane  1975, 1979).  Because  we  ran  three  basins  for  each  wind  stress  and 
each  unit  of  nondimensional  time  required  60  computer  time  steps,  practic.il  con- 
siderations limited  the  total  number  of  computer  time  steps  tc  3840  (64  nondimen- 
sional time  units)  for  each  of  the  six  cases. 

a.  TheF=s  1 Case 

We  will  begin  discussion  of  the  F = 1 case  by  reviewing  the  meridionally  un- 
bounded situation  as  discussed  in  II.  As  soon  as  the  wind  begins  to  blow,  inertia- 
gravity  waves  are  excited  in  such  a way  that  by  one  or  two  units  of  non-dimen- 
sional time,  the  unbounded  solution  (u*‘’r,  v'»,  A<'’r)  has  been  fully  developed.  Also 

at  r a:  0 a full  set  of  Rossby  modes,  n = 1,  3,  5 begin  propagating  into  the 

basin  from  the  eastern  boundary,  and  a Kelvin  mode  carrying  the  meridionally  in- 
tegrated zonal  mass  fiux  J'  dy  propagates  into  the  basin  from  the  western 
boundary.  The  initial  solution  is  therefore; 


u = r|  dx-  Mk-  + 2 ^ R*  + bdt-x)H(t-x)M^-  - 2 V„ 

1.  nmmX  J 

+ *(2«+1)(j:-10))  R,  + (2n4l)-c/,V, 


• H(t  - {2n+D  i.x-l0)) 


(53) 


where  the  coeflBcient  of  the  propagating  Rossby  modes  is  partly  .he  direct  eastern 
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boundary  response  to  the  Rossby  part  of  a<^>  and  partly  the  eastern  boundary  re- 
sponse to  the  Kelvin  part  of  u“>.  If  we  note  that  bg  = — rr~‘/*  (ir'-'*  4-  £/*),  where 
and  Um  are  the  total  meridionally  integrated  zonal  mass  fluxes  in  the  Kelvin  and 
Rossby  parts  of  (Ug  = +.350  in  the  unbounded  case  according  to  Table  1),  and 
if  we  assume  that  enough  time  has  gone  by  for  all  the  Rossby  modes  to  reach  the 
point  X,  then  (58)  becomes,  using  (52): 

u = (0,0,x)  + Um  Mc-(/-Jt)  + 10  S r,(2n+l)R, 

m 

+ dg-  2 a,(t  +(2n+ 1)  (x-10))R.  . (59) 

The  (0,0,x)  part  of  (59)  has  the  correct  slope  but  not  the  correct  level  to  be  the  final 
steady  state.  The  additional  terms  ate  those  due  to  the  initial  Kelvin  mode.  The 
second  term  in  particular  does  not  stay  around  longer  than  t = 10 — it  then  hits  the 
eastern  boundary  producing  a new  scries  of  Ros'by  modes.  The  Rossby  modes, 
when  they  hit  the  western  boundary,  produce  new  Kelvin  modes.  We  see  therefore 
that  while  the  initial  solution  contains  enough  Rossby  modes  to  bring  the  height 
field  to  its  correct  tilt,  it  also  initiates  motions  which  continue  to  slosh  moss  back 
and  forth  across  the  basiu  (see  II  tor  a more  complete  discussion). 

The  initial  series  of  reflect'ons  for  the  unbounded  case  can  be  described  as  fol- 
lows. At  r = 0 a Kelvin  mode  of  negative  amplitude  carrying  negative  mass  flu.x 
leaves  the  western  boundary  while  a Rossby  mode  leaves  the  eastern  boundary.  The 
eflfect  of  these  modes  can  be  easily  seen  on  the  height  field  section  across  the  equator 
in  Figure  8.  (Since  the  meridionally  unbounded  case  cannot  be  simulated  numeri- 
cally, these  figures  were  generated  by  summing  modes.)  The  initial  Kelvin  mode, 
carrying  negative  mass  flux,  lowers  the  height  field  while  the  initial  Rossby  wave, 
also  carrying  negative  mass  flux,  raises  it.  The  fiat  part  of  the  height  field  at  r = 4 is 
simply  the  secularly  growing  part  — it  grows  as  if  zonally  unbounded  because 
the  effects  of  the  boundaries  have  not  yet  reached  it.  At  r = 7.5  the  initial  Kelvin 
and  fint  Rossby  modes  meet  and  no  secularly  growing  flat  part  of  the  height  field 
remains.  <\t  t = 10  the  initial  Kelvin  mode  hits  the  enstem  boundary  and  reflects  as 
a Rossby  mode  of  positive  mass  flu.x:  this  mode  low«.s  the  height  field  to  its  east  as 
it  propagates  westward  with  sp«ed  1/3.  Thus  the  height  field  at  the  eastern  boundary 
decreases  uniformly  with  time  until  r s=  40  when  the  Kelvin  mode,  due  to  the  reflec- 
tion of  the  fint  Rossby  mode,  hits  and  starts  increasing  the  height  field  uniformly 
with  time.  At  the  western  boundary  the  height  field  decreases  uniformly  during 
times  0 to  30  whereupon  the  second  Rossby  mode  arrives  producing  a Kelvin  mode 
of  negative  mass  flux;  at  r ~ 40  the  height  field  again  begins  to  fall  at  the  west. 

The  situation  in  the  meridionally  bounded  basin  is  very  different.  Figure  9 shows 
the  reflection  diagram  for  the  [-5,5]  basin,  keeping  track  of  only  the  Kelvin,  anti- 
Kelvin  and  n = 1 Rossby  modes.  The  initial  unbounded  solution  v“', 
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Figure  8.  An  equetoriel  stctioo  for  x * 0 to  10  of  the  height  field  in  the  meiidionnlly  tin* 
bounded  F » 1 case,  (a)  Tiniei  r » 4 to  24;  (b)  Tunes  r » 28  to  48. 


Figun  9.  Reflection  disgnun  for  [**5,51  btsia  bounded  zoually  et  x ^ 0 and  lU  subject  to  uni- 
foTjB  wind  stress  F * 1.  Kelvin  mode:  (K-)  lesve  the  western  bound*  ry;  only  the  n = 1 
Ronby  (R)  is  kept  track  of  leaving  the  eastern  boundary  and  the  anti-Kelvin  node  (JC-)-)  is 
also  emitted  at  the  east.  The  amplitudes  are  written  nev.t  to  the  mode  designation. 


coatains  an  anti-Kelvin  mode  of  amplitude  .655.  (Note  from  Table  1 that  the  coeffi- 
cients of  the  Kelvin  and  the  first  four  Rossby  modes  are  essentially  the  same  as  they 
are  in  the  meridionally  unbounded  case — the  major  difference  between  the  cases  is 
the  presence  of  the  anti-Kelvin  mode.)  At  the  western  boundary  a Kelvin  mode  re- 
flecting the  mas.s  flut  of  the  Kelvin  and  Rossby  parts  of  u*'’  is  emitted  immediately 
while  the  Kelvin  ncxle,  which  is  tu  reflect  the  mass  flux  of  the  anti-Kelvin  part  of 
qUi,  cannot  be  emitted  until  the  initial  anti-Kelvin  mode  has  communicated  with 
the  equator.  As  discussed  in  Section  4,  this  communication  can  be  thought  of  as 
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Fifort  10.  Coatour  plot  of  height  field  at  r * 2 for  F ==  1 fotciog  in  a [-5J1]  basin  bounded 
aonally  at  x « 0 and  x « 10. 


taking  place  by  means  of  equatorward  travelling  wall>Kelvin  waves  which  do  not 
reach  the  vicinity  of  the  equator  until  t m S — this  is  indicated  in  Figure  9 by  an 
arrow  on  the  western  boundary  leading  to  the  emission  of  a Kelvin  mode  at  r = S. 
SimOaily,  at  the  eastern  boundary,  the  Rossby  and  and-Kelvin  response  to  the 
Rossby  and  and-Kelvin  parts  of  u'*’  are  emitted  almost  immediately  while  the  and- 
Kelvin  response  to  the  Kelvin  part  of  takes  approximately  S dme  units  to  de- 
velop while  wall-Kelvin  waves  travel  toward  the  meridional  boundaries  to  make  the 
connecdon.  At  later  times,  every  and-Kelvin  mode  hitdhg  the  western  boundary 
produces  a wall-Kelvin  wave  that  travels  to  the  equator  before  producing  the  re- 
flected Kelvin  mode  and  every  Kelvin  mode  hitting  the  eastern  boundary  produces  a 
wall-Kelvin  wave  that  travels  to  the  northern  and  southern  boundaries  before  pro- 
ducing the  reflected  and-Kelvin  mode.  The  amplitudes  for  the  various  modes  and 
reflecdons  are  ^ven  in  Fgure  9 until  t — 70. 

Figure  10  illustrates  these  initial  features:  it  shows  the  height  contours  throughout 
the  basin  at  r s 2.  The  unbounded  soludon  (compare  to  Fig.  7a)  is  clearly 
visible  in  the  center  of  the  basin  where  neither  the  Kelvin  nor  the  first  Rossby  have 
yet  arrived.  On  the  wetem  boundary,  the  deepening  effect  of  the  first  Kelvin  wave 
extending  to  .t  = 2 is  seen,  and  near  the  northern  and  southern  boundaries  the  and- 
Kelvin  part  of  turning  the  comer  as  a waC-Kelvin  is  seen.  At  the  eastern 
boundary  the  Rossby  mode  should  e.xtend  2/3  of  a unit  into  the  basin  but  inevitably 
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Figura  11.  An  equatorial  section  from - 0 to  10  of  the  height  field  in  the  [— S4I  F ^ 1 case. 

W Times  t * 4 to  24;  (b)  Times  / = 28  to  48. 

precursors  travelling  as  fast  as  speed  unity  produce  wiggles  that  extend  a full  2 units 
into  the  basin  (see  Section  3 of  Paper  I for  a discussion  of  precurson  and  the  disper- 
sive modification  of  propagating  Rossby  fronts).  The  initial  anti-Kelvin  mode  of 
negative  amplitude  (therefore  positive  height  field)  is  seen  propagating  westward  and 
cancelling  the  negative  height  (growing  with  0 anti-Kelvin  mode  of  the  unbounded 
solution.  Finally,  the  wall-Kelvin  (of  positive  height)  is  seen  propagating  toward  the 
northern  and  southern  boundaries.  A similar  contour  plot  2 time  units  later  would 
show  these  trends  continuing — the  unbounded  solution  continuing  to  grow  as  t, 
the  initial  Kelvin  mode  continuing  to  lower  the  height  field  behind  it  as  it  propagates 
eastward,  and  the  initial  Rossby  mode  continuing  to  raise  the  height  field  behind  it 
as  it  propagates  westward,  while  the  wall-Kelvin  waves  continue  their  journey  along 
the  eastern  and  western  boundaries. 

We  can  follow  the  progress  of  the  system  in  time  by  examining  Figure  11a,  an 
equatorial  slice  of  the  height  field  from  the  eastern  to  western  boundary.  The  deep- 
ening at  the  western  boundary  behind  the  initial  Kelvin  front  proceeds  faster  than 
the  comparable  meridionally  unbounded  case  in  Figure  8a  between  times  4 and  16 
because  of  the  additional  emission  of  the  Kelvin  mode  of  negative  amplitude  at  t 
s S due  to  the  reflection  of  the  anti-Kelvin  part  of  in  the  basin  case.’  This  more 
rapid  deepening  continues  until  r ==  IS  when  the  emission  of  a Kelvin  mode  of  posi- 
tive 'mplirade  slows  the  deepening  rate  baclt  to  what  it  was  in  the  meridionally  un- 
bounded case.  At  r s 20  another  Kelvin  mode  of  positive  amplitude  is  emitted  and 
the  deepening  slows  even  more.  At  the  eastern  boundary,  the  raising  of  the  height 
field  behind  the  initial  Rossby  mode  emitted  at  r = 10  proceeds  as  in  the  meridionally 
unbounded  case  until  / = IS  when  a Kelvin  mode  of  negative  amplitude  arrives  and 
is  refiected  as  a set  of  Rossby  modes  of  negative  amplitude.  The  lowering  of  the 

5.  Tlw  bcitht  field  et  r = 4 et  the  west  is  sot  as  deep  u in  the  meridionsUy  unbounded  Figure  8a 
because  the  wind  stre»  bad  to  be  turned  on  gradually  over  the  first  time  period  for  numerical  reasons. 
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Fifon  12.  A meridional  section  of  the  height  field  at  x « 1 from  [-541  for  the  F = 1 case, 
(a)  Times  / » 4 to  24;  (b)  Times  / *:  2S  to  4S;  (c)  Times  t » 52  to  64. 

hei^t  field  between  t = 10  and  t = 25  therefore  proceeds  faster  than  in  the  merid- 
ionally unbounded  case.  Note  in  Figure  11a  that  despite  the  fact  that  the  fronts 
have  been  smoothed  by  dispersion  relative  to  Figure  8a,  it  is  stiU  possible  to  trace 
the  Kelvin  and  the  larger  Rossby  fronts  across  the  basin. 

At  t = 30  the  first  n = 1 Rossby  mode  bits  the  western  boundary  emitting  a posi- 
tive amplitude  Kelvin  mode  and  at  r — 40  the  second  negative  amplitude  Rossby 
mode  hits  the  boundary  emitting  a negative  Kelvin  mode.  The  height  field  at  the 
western  boundary  should  then  begin  to  increase  at  r = 30  and  decrease  at  r s 40, 
Hgure  11b,  however,  shows  that  the  height  field  increases  very  slowly  from  t — 32 
to  40  and  continues  to  increase  from  r = 40  to  t » 48  (It  starts  decreasing  rapidly 
only  after  r — 48).  What  is  happening  is  that  wall-Kelvin  waves  hanging  around  from 
previous  reflections  are  contaminating  the  results  at  the  equator. 

We  can  remove  this  contamination  and  see  more  clearly  the  progress  of  the  re- 
sponse by  examining  a meridional  slice  of  the  height  field  at  x = 1 (Fig.  12).  As  we 
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Figure  13.  Seme  as  Figure  lO  but  at  t « 64. 


have  seen,  the  deepening  proceeds  rapidly  from  / = 4 to  20  (Fig.  12a).  The  slowing 
of  the  deepening  at  r = 20  and  24  due  to  the  emission  of  the  Kelvin  modes  at  the 
western  boundary  at  f = IS  and  20  is  cleariy  seen  as  is  the  arrival  of  the  anti-Kelvin 
modes  at  r = 9 and  14  which  reverse  the  anti-Kelvin  amplitude.  The  first  Rossby 
hits  X s 1 at  r SB  29.7  and  by  r » 36  (Ftg.  12b)  the  characteristic  n — \ Rossby 
structure  (compare  to  Fig.  S)  has  grown  strong  enou^  to  be  seen  in  the  height  field. 
The  arrival  of  the  strong  anti-Kelvin  at  t = 24  begins  to  lower  the  and-Kelvin  ampli- 
tude as  is  clear  in  Figure  12b.  The  arrival  of  the  second  Rossby  at  t = 39.7  and  its 
lefiected  negative  amplitude  Kelvin  at  i « 41  is  most  clear  in  the  hei^t  field  for 
t = 52  (Fig.  12c)  where  the  large  Ros-by  amplitude  from  the  first  Q>ositive)  Rossby 
mode  has  been  effectively  cancelled  by  the  arrival  of  the  second  (negative)  Rossby 
mode— only  a remnant  is  left  by  r s 52.  The  arrival  of  the  positive  Rossby  at  t => 
59.7  is  subtly  evident  in  the  r = 64  curve. 

A contour  plot  (Fig.  13)  of  the  height  field  at  r = 64  (the  last  time  computed) 
shows  that  the  height  field  is  relatively  well  set  up  along  the  equatorial  regions,  less 
well  set  up  away  from  the  equator,  and  sdll  less  well  set  up  away  from  the  equator 
toward  the  west  This  is  understandable  in  terms  of  the  large  number  of  initial 
Rossby  modes,  n = 1,  3,  S,  etc.,  that  have  reached  longitudes  close  to  the  eastern 
boundary — at  the  other  end  of  the  basin,  however,  the  n = 3 Rossby  mode  has  not 
yet  reached  the  western  boundary  by  r = 64. 

The  gross  energetics  the  spin-up  process  are  summarized  by  Figure  14a  which 
shows  potential  and  kinetic  energy  as  a fun^  j of  time.  The  kinetic  energy  is  in- 
creasing rapidly  with  time  uncQ  t s 7.5  when  the  initial  Kelvin  and  Rossby  modes 
meet  and  the  inidai  rapid  acceleration  stops.  The  potential  energy  continues  to  in- 
crease as  the  inidai  Kelvin  mode  lowers  the  height  at  the  west  and  the  initial  Rossby 
raises  it  at  the  east  It  reaches  a peak  (i.e.,  the  height  field  is  maximally  tilted)  be- 
tween {a  16  to  20  and  then  begins  to  dedine  as  the  emitted  Kelvin  modes  in  the 
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Figure  14.  Energy  versus  time  for  the  F « 1 c«e.  («)  Basin  [-5,5];  (b)  Basin  [-1.7, 1.7);  (c) 

Basin  [-5,1.7].  Units  arbitrary. 

west  and  the  second  Rossby  mode  in  the  east  act  to  reduce  the  overall  east-west 
tilt  The  subsequent  periodicity  is  approximately  40  time  units — the  roundtiip  ritn«« 
ot  a Kelvin-Rossby  mode  transit 

The  Rossby  modes  lose  their  importance  in  the  [—1.7, 1.7]  case  as  can  be  seen 
from  Tables  2 and  3.  We  may  thus  understand  this  case  almost  entirely  in  terms  of 
the  Kelvin  and  anti-Kelvin  modes  (since  the  northern  and  southern  boundaries  are 
so  close  to  the  equator  there  is  considerable  overlap  between  the  Kelvin  and  anti- 
Kelvin  modes  and  the  delay  due  to  the  travel  of  the  wall-Kelvin  is  substantially 
absent).  The  initial  Kelvin  mode  emitted  from  the  east  at  r = 0 has  an  amplitude 
of  —2.36,  carries  all  the  mass  flux  of  the  meridionally  unbounded  solution  (—2.88), 
and  lowers  the  height  fleld  behind  it  as  it  propagates  toward  the  east  The  initial 
anti-Kelvin  emitted  from  the  east  has  amplitude  -2.3S,  carries  mass  flux  -2.76, 
and  raises  the  height  field  as  it  propagates  westward.  Since  both  the  Kelvin  and  anti- 
Kelvin  work  to  increase  the  east-west  dlt  the  potential  energy  will  increase  mono- 
tonically  until  t «=  10  when  the  Kelvin  mode  hits  the  western  boundary.  Since  the 
anti-Kelvin  mode  carried  almost  all  the  mass  flux,  it  reflects  as  a Kelvin  mode  of 
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Fisan  15.  Sams  u Fi|urt  10  bet  for  t [—5,1.71  basin,  (a)  r * 2;  (b)  r * 64. 

amplitude  +2.26  which  tends  to  raise  ihe  height  field  behind  it  Similarly,  the  Kelvin 
mode  reflects  at  the  eastern  boundary  as  on  antUKelvin  mode  of  amplitude  +2.27, 
which  now  tends  to  lower  the  height  field  behind  it  By  f 20  almost  all  the  tilt 
induced  by  the  initial  Kelvin*anti>Kelvin  pair  is  wiped  out  by  the  reflected  anti- 
Kelvin-Kelvin  pair:  the  height  field  becomes  almost  flat  The  potential  energy  there- 
fore has  a periodicity  of  20  time  units  and  it  almost  reaches  zero  at  its  minimum; 
Figure  14b.  The  kinetic  energy  is  largest  when  the  height  field  is  changing  most 
rapidly  and  so  has  a periodicity  half  that  of  the  potential  energy. 

The  asymmetric  basin  [—5,1.7]  provides  an  intermediate  case,  containing  some 
features  of  both  the  wide  basin  and  narrow  basin  case,  as  well  as  some  features 
uniquely  its  own.  Becave  of  the  lack  of  symmetry  with  respect  to  the  equator,  all 
modes  will  be  exdted.  Tables  2 and  3 show  that  the  n » 0 Rossby-Kelvin  mode 
(Fig.  4b)  is  especially  important  in  this  asymmetric  basin.  Figure  15a  shows  the 
hei^t  field  at  r = 2.  Now  the  amplitude  on  the  northern  wall  is  mostly  Rossby- 
Kelvin  while  the  amplitude  on  the  southern  wall  is  predominately  and-Kelvin.  The 
dominant  periodicity  is  now  t — 20,  the  Rossby-Kelvin-Kelvin  roundtrip  transit 
time  but,  as  can  be  seen  in  Figure  14c,  the  successive  peaks  are  delayed  because  of 
the  transit  time  of  the  wall-Kelvins  needed  to  communicate  between  the  Kelvin  and 
anti-Kelvin  modes.  The  sute  at  the  end  of  64  time  units.  Fig.  15b,  shows  the  height 
field  evenly  tilted  in  the  northern  part  of  the  basin  but  again  less  well  spun  up  in 
those  parts  of  the  southern  region  where  the  higher  Rossby  modes  have  yet  to 
reach.  Even  in  the  northern  regions,  however,  the  hei^t  field  continues  to  undergo 
osdUadons  as  the  Kelvin  mode  sloshes  mass  across  the  basin. 

b.  The  1 case 

In  the  meridionally  unbounded  situadon  (discussed  in  Paper  II),  the  C » 1 forc- 
ing excites  no  Kelvin  or  asd-Kelvin  modes;  only  even  n Rossby  modes.  By  sym- 
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Fi|ure  16.  Energy  versus  time  for  the  C = 1 case,  (a)  Basin  [—5,5];  (b)  Basin  (—1.7, 1.7];  (c) 
Basin  [-5,1.7]. 


metiy  considerations,  none  of  these  modes  contains  any  net  meridionally  integrated 
zonal  mass  flux,  so  that  upon  reaching  the  western  boundary  no  Kelvin  waves  will 
ever  be  exdted.  According  to  Eq.  (55),  the  zr^nally  unbounded  solution  plus  all  its 
reflections  sum  simply  to  (0,0, y),  the  final  steady  state.  The  response  therefore  pro* 
ceeds  relatively  straightforwardly:  the  more  Rossby  waves  emitted  from  the  eastern 
boundary  at  r = 0 that  reach  a given  point,  the  closer  is  the  height  field  at  the  point 
to  the  final  state.  Thus  points  closer  to  the  equator  and  to  the  eastern  boundary  spin 
up  faster.  The  spin-up  is  monotonic  with  time — no  Kelvin  waves  exist  to  slosh  mass 
aaoss  the  basin. 

The  response  in  the  [—5,5]  basin  is  very  much  the  same  as  in  the  meridionally 
unbounded  case  except  that  the  lowest  planetary  mode  excited  at  the  eastern  bound- 
ary is  now  the  n = 0 Rossby-Kelvin  mode  which  does  not  exist  in  the  meridionally 
unbounded  case.  Figure  16a  shows  the  energy  diagram  for  the  [—5,5]  basin.  The 
wiggles,  of  period  about  2ir,  are  the  initial  n = 0 inertia-gravity  waves  (at  ik  = 0, 
(u  ai  1 in  Fig.  1)  which  are  excited  initially  to  produce  the  zonally  unbounded  solu- 
tion («'*’,  0,  in  Fig.  6a.  Because  the  zonally  unbounded  state  has  a height  field 
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which  is  tilted  near  the  equator  some  moderate  fraction  of  the  final  hei^t  field  tflt 
and  because  this  zonally  unbounded  state  does  not  grow  with  time,  the  magnitude  of 
the  intertia-gravity  oscillations  are  moderate  and  remain  of  constant  amplitude.  The 
initial  A;»0,  <usk  lhasa  group  velocity  to  the  east  and  reflects  as  a & » -1, 
01 M 1 inertia>Kelvin  wave — these  reflections  continue  forever  superimposed  on  the 
monotonically  spinning-up  height  field. 

Meridional  sections  of  the  height  field  in  the  [—5,5]  case  taken  toward  the  end  of 
the  simulation  (t  =:  64)  indicate  that  the  eastern  part  of  the  basin  is  almost  com- 
pletely ^un  up,  as  we  expect,  while  the  degree  of  spin-up  at  r = 64  decreases  as 
we  move  westward  across  the  basin.  Because  the  n = 0 mode  has  its  largest  ampli- 
tude at  the  northern  and  southern  walls  (Fig.  4a)  and  travels  with  speed  near  unity, 
the  regions  near  these  walls  are  spun-up  even  at  the  west  while  substantial  parts  of 
the  region  between  these  walls  and  the  equator  have  not  yet  felt  the  influence  of  any 
Rossby  modes  from  the  east  and  so  are  far  from  spun-up. 

The  energetics  of  the  response  in  the  [—1.7, 1.7]  case  are  shown  in  Figure  16b. 
In  this  case  the  inertia-gravity  waves  needed  to  set  up  the  zonally  unbounded  solu- 
tion have  extremely  large  amplitude  because  the  height  field  of  this  zonaUy  un- 
bounded solution  (Fig.  6c)  has  a very  substantial  part  of  the  tilt  of  the  final  spun-up 
height  field.  The  envelope  of  the  potential  energy  is  modulated  by  the  n = 0 inertia- 
gravity  wave  roundtrip  transit  time  (calculated  from  the  group  velocities)  which  in 
the  [—1.7,1. 7]  case  is  about  40  time  units. 

The  asymmetric  basin  case,  [-5,1.7],  is  completely  different  from  the  symmetric 
case  in  that  the  asymmetry  of  the  basin  modes  now  implies  that  all  the  modes  carry 
net  meridionally  integrated  zonal  mass  flux.  Thus,  in  accordance  with  our  discussion 
of  western  boundary  response,  Kelvin  waves  will  be  generated  when  any  of  the  west- 
ward propagating  modes  reach  the  western  boundary.  Examining  Table  2,  we  see 
that  the  zonally  unbounded  solution  (u<->,  0,  h<*>)  plus  the  reflections  at  the  eastern 
boundary  lead  to  a height  field  h — y->r  .0986  at  the  eastern  boundary  (by  Eq.  (55)), 
and  by  extension,  to  any  point  in  the  interior  to  which  all  the  Rossby  modes  pro- 
duced by  this  reflection  have  reached.  The  final  steady  state  height  field,  however, 
is  h = y + 1.65  so  that  even  after  all  the  Rossby  modes  due  to  the  first  reflection 
have  reached  all  points,  the  tilt  would  be  correct  but  there  would  sdll  be  a height 
deficit  of  1.55  units  throughout  the  basin.  The  additional  mass,  of  coune,  is  carried 
by  the  Kelvin  wave  which  must  reflect  the  total  mass  flux  of  the  unbounded  solution, 
—1.596.  This  Kelvin  wave,  of  amplitude  hr  = 1.250,  thus  carries  a mass  flux  +1.596 
and  when  at  r — 10  (plus  the  wall-Kelvin  travel  time)  this  Kelvin  mode  hits  the 
eastern  boundary,  it,  plus  its  reflections,  uniformly  raises  the  height  everywhere  along 
the  eastern  boundary  by  an  amount  .979  according  to  Eq.  (52)  and  Table  3.  The 
initial  Kelvin  wave  alone  thus  fills  two-thirds  of  the  height  deficit.  The  initial  anti- 
Kelvin,  however,  upon  reflection  at  the  western  boundary,  produces  a Kelvin  of 
negative  amplitude  —.786  which,  when  it  hits  the  eastern  boundary,  lowers  the 


height  field  uniformly  at  the  east  by  an  amount  .616,  undoing  some  of  the  good 
works  of  the  first  Kelvin.  From  this  point  on,  most  of  the  mass  flux  in  the  succeed- 
ing reflections  is  sloshed  around  by  the  Kelvin  mode  reflecting  into  a Rossby- 
Kelvin  mode  and  vice  vena  with  a periodicity  of  20  time  units.  Figure  16c  shows 
the  energy  diagram  for  this  case  and  we  see  that  a plateau  exists  from  r » 20  to  40 
but  that  the  inertia-gravity  waves  tend  to  mask  the  effect. 

In  order  to  filter  out  these  inertia-gravity  waves,  we  reran  the  G = 1,  [—5,1.7] 
case  starting,  not  from  a flat  ocean  at  rest,  but  rather  from  a state  from  which  the 
inertia-gravity  waves  had  already  been  removed,  namely,  the  («<*',  0,  h‘*’)  state. 
This  filtering  was  largely  successful  and  a comparable  energy  diagram  shows  that 
the  20  unit  Rossby-Kelvin-Kelvin  periodicity  is  clearly  apparent  As  time  goes  on, 
the  height  field  would  tilt  closer  to  its  final  state,  but  contrary  to  the  symmetric  basin 
G = 1 cases,  mass  would  continue  to  be  sloshed  across  the  basin. 

6.  Conclusion 

This  paper  has  presented  a straightforward  analytic  approach  to  the  calculation 
of  the  dme-dependent  response  of  equatorial  basins  to  wind  stresses  varying  slowly 
in  the  zonal  direction  and  in  time.*  This  allows  (to  ou:  knowledge,  for  the  first  time) 
a rather  detailed  comparison  of  analytic  theory  with  linear  simulations,  or  equiva- 
lendy,  with  the  early  (linear)  stages  of  nonlinear  simulations.  The  method  involves 
first  approximating  and  describing  the  free  modes  of  a meridionally  bounded  basin; 
next  calculating  the  meridionally  bounded  but  zonally  unbounded  solution  which 
gets  set  up  by  the  emission  of  inertia-gravity  waves  within  a single  inertial  period; 
then  calculating  the  eastern  and  western  boundary  responses  to  this  zonally  un- 
bounded solution  and  to  any  subsequent  responses;  and  finally,  following  in  time  the 
series  of  reflections  and  responses  that  leads,  or  does  not  lead,  to  the  steady  state 
solution.  The  power  of  the  method  to  accurately  describe  linear  spm-up  was  illus- 
trated by  a series  of  numerical  simulations  of  the  responses  of  three  separate  ocean 
basins,  [—5,5],  [—5,1.7]  and  [— 1.7,1.7],  all  10  units  long  in  the  zonal  direction,  to 
the  simple  wind  stress  forcings  F s 1 and  G = 1,  and  following  the  response  out  to 
64  nondimensional  time  units  for  each  case. 

Compared  to  the  meridionally  unbounded  case  treated  in  Paper  II,  we  saw  that 
the  introduction  of  the  northern  and  southern  boundaries  has  in  some  ways  simplified 
the  consideration  of  spin-up  and  in  some  ways  complicated  it  For  example,  the 
problem  is  simpler  in  the  F — 1 symmetric  basin  cases  compared  to  the  meridionally 
unbounded  case  in  that  only  those  modes  whose  turning  points  lie  within  the  basin 
carry  any  meridionally  integrated  zonal  mass  flixx,  and  all  those  modes  whose  turn- 
ing points  would  have  lain  outside  the  basin  in  the  meridionally  unbounded  case 
and  which  would  have  been  needed  to  account  for  the  rearrangemeat  of  mass  dur- 

S.  Only  winds  indtpeadsm  o(  x and  switchtd  on  in  t wert  cslculated  explicitly  but  Uw  extension  to 
winds  slowly  vvyini  in  x and  t is  itratsbtfoiwwd  usins  the  methods  ot  Paper  i. 


ing  spin-up  are,  in  the  symmetric  basin  case,  replaced  by  a single  anti-Kelvin  mode. 
On  the  other  hand,  the  problem  is  more  complicated  in  these  same  cases  in  that  the 
additional  reflections  induced  by  this  same  anti-Kelvin  mode  lead  to  a much  more 
Intricate  reflection  diagram  (see  Fig.  9).  In  the  narrow  basin  case,  [-1.7,1.71,  the 
description  becomes  simpler  still:  since  all  Rossby  modes  higher  than  n » 1 have 
their  turning  points  outside  the  basin,  the  complete  system  can  be  described  by  only 
three  modes — the  Kelvin,  the  anti-Kelvin  and  the  n s 1 Rossby  mode. 

The  results  of  the  theory  presented  in  Sections  2,  3,  and  4,  and  of  the  simulations 
analyzed  in  Section  5,  now  allow  us  to  address  a question  raised  in  the  Introduction: 
to  what  extent  does  the  imposition  of  the  northern  and  southern  boundaries  affect 
the  progress  of  the  time-dependent  response  in  the  vicinity  of  the  equator?  The 
answer,  as  we  saw,  varies  from  case  to  case.  The  case  in  which  the  boundaries  pro- 
duced the  least  effect  was  the  G = 1,  [-5,5],  case.  Here  the  spin-up  in  the  re^on 
of  the  equator  was  precisely  the  same  as  in  the  meridionally  unbounded  case.  The 
only  difference  was  that  the  fast  n = 0 Rossby-Kelvin  mode,  with  la:ge  amplitude 
at  the  northern  and  southern  boundaries,  spun  up  the  regions  near  these  boundaries 
rapidly,  wheuas  this  mode  is  totall}^  absent  in  the  unbounded  case.  In  the  G = 1, 
[—1.7, 1,7],  case,  the  boundaries  are  so  close  to  the  equator  that  the  Rossby-Kelvin 
mode  has  considerable  amplitude  evsn  at  the  equator.  The  entire  basin  would  there- 
fore spin-up  relatively  completely  after  only  10  time  units  (one  Rossby-Kelvin  mode 
traversal  time)  were  it  not  for  the  large  amplitude  inertia-gravity  waves  set  up  during 
the  initial  unit  of  time.  We  can  conduce  that  for  G = 1,  in  basins  symmetric  with 
respect  to  the  equator,  tlie  time-dependent  response  near  the  equator  will  proceed 
essentiaQy  unaffected  by  the  northern  and  southern  boundaries  as  long  as  these 
boundaries  lie  at  least  a few  equatorial  radii  of  deformation  from  the  equator.  For 
the  G = 1 case,  in  basins  asymmetric  with  respect  to  the  equator,  or  for  the  F = 1 
case  in  any  of  the  basins,  the  extra  Kelvin  modes  induced  by  the  western  boundary 
reflections  of  either  anti-Kelvin  or  Rossby-Kelvin  modes  will  change  the  details  of 
the  time-dependent  response  near  the  equator — the  closer  a boundary  is  to  the 
equator  the  larger  will  be  the  change. 

The  role  of  the  Kelvin  mode  in  the  spin-up  process  bears  repeated  comment.  The 
initial  Kelvin  mode,  in  all  those  cases  in  which  it  exists  (G  = 1,  asymmetric  basin, 
and  F = 1,  all  basins)  helps  to  bring  the  height  field  closer  to  its  spun-up  (steady) 
value.  On  the  other  hand,  repeated  production  of  Kelvin  modes  by  reflection  of  any 
of  the  westward  propagating  modes  induces  a sloshing  of  mass  back  and  forth  across 
the  basin  which  inhibits  the  attainment  of  the  final  spun-up  state.  In  the  absence  of 
friction,  this  sloshing  would  continue  forever.  Only  in  those  cases  in  which  the 
Kelvin  mode  never  appears  (G  = 1.  symmetric  basins)  does  the  time-dependent  re- 
sponse truly  proceed  to  a steady  state. 

It  is  clear  that  the  method  and  results  of  this  paper  (and  Papers  I and  II)  are 
directly  useful  in  analyzing  numerical  simulations  of  time-dependent  response.  But 


133 


in  application  to  the  real  ocean  we  must  offer  a major  caveat.  We  have  assumed  the 
existence  of  a sin^e  baroclinic  mode.  While  there  is  evidence  that  standing  vertical 
niodes  do  exist  ^unsch  and  Gill,  1976),  the  question  has  recently  been  raised 
(Philander,  1978)  of  whether  or  not  standing  vertical  modes  are  regularly  excited 
by  atmospheric  forcing.  Since  the  dynamics  of  baroclinic  mode  excitation  is  not  at 
aU  well  understood,  we  would  urge  the  greatest  caution  in  applying  this,  or  any 
theory  based  on  a single  standing  vertical  mode,  to  the  behavior  of  real  oceans. 

Aeknowltdgmmtt.  W<  would  like  to  tlunk  Brian  Hickie  (or  making  available  a copy  of  his 
paper  prior  to  publication;  Moshe  Israeli  for  valuable  help  with  the  numerical  work;  Richard 
I for  discussions  of  positive  equivalent  depth  modes  on  B>planes;  Dennis  Moore  and 
Oeorge  Philander  for  continued  discussions  about  the  dynamics  of  equatorial  waves;  and  D.  R. 
Sadignr  for  careful  preparation  of  the  manuscript  This  worit  was  supported  at  Harvard  Univer* 
sity  by  NASA  Grant  NSO-5160. 

APPENDIX:  Orthogonality  and  cr.mpleteness  of  the  eigenfunctions 

Fourier  transforming  the  unforced  (F  ^ G * Q w 0)  Eqs.  (1)  from  x to  k and  denoting  trans- 
pose by  superscript  T we  may  write  (cf.  I (36)S): 

where 


0 iy  t *1 


then  A " m.,;  and  the  following  five  lemmas  follow  easily: 

Lemma  1 A * A*  [Readily  shown  by  direct  calculation.] 

Lemma  2 All  the  m’s  are  real  (Fonows  from  the  self-adjointness  of  A,  that  is,  from  Lemma  1.] 
Lenuna  3 For  all  e.  m*  > 0 (Sinca  (1)  and  (2)  fonn  a standard  Stnrm-Liouvills  problem.] 
Lemma  4 The  m's  are  distinct  (Foliosn  from  Lemma  3,  the  dispersion  relation  and  a eon- 
stderadon  of  tba  Kelvin  roou  m * ±i^.] 

Lemma  5 The  {^i)  is  orthogonal  [Follows  from  Lemma  4 in  the  usual  way,  i.e. 

ehk.i  [^.i*  ^a.i]  * [^«.i,A  ^«.i]  * [A  [^«./,  ^a.i] 

srith  the  second  equality  a consequence  of  Lemma  1.  Since  the  w's  -ue  distinct,  the 
•“s  ate  orthogonal] 

Theorem:  {#*.>}  is  complete. 

Froof: 

Pint  repliraae  the  question  of  completeness  u follows.  Let  R » >0),  i.e.,  all  the 

eigenvectors  except  the  Kelvin  waves  We  wish  to  show  that  if 

m.  - •,.,] » 0 (or  aU  e R 

then 

f/'»0;andyC/-^ff'  = 0.  (A.l) 

Since  the  only  solutions  to  (A.1)  are  (multi^es  of)  9t.,t  the  theorem  will  follow. 


134 


••4 


It  U itnilhtfotward  to  thow  from  thi  dafinitiOQ  (37)  of  •.,)  thit 


when 

Now  by  uiumptioo 
Hence 


[((/.  - IV JO*.  - N^,-*  M 

A^,  •m^,(yU^  B^-¥kfyH  ■^U’)-^(m^,*-k*)V . 
0 • Kk/,  ♦.!  for  lU /,  n > 0 . 


0 « {A,.t  - A..t,  #.]  ■ («>.i  + W + (M*.i  + «..i)  V,  i|i.] 

since 


(A.2) 


*t».i  1*  wmi  for  / e*  i 


(A.3) 


(yC;  + fsr  + [et..,  + W...1  K.  ♦.) « 0 for  *U  « > 0,  / . 

Let  / » 3.  Then  taking  the  difference  of  (AJ)  with  / * 1 and  />  2 and  using  w..i  ^ w..>  yields 


(V.^)>0f6raUn.  (A.4) 

Since  the  <(i»t  are  conplett.  K « 0.  Then  (A.3)  impUea  that  yV  + It  » 0 and,  finally,  (A.2) 
yidda  yti  + U*  » 0.  completing  the  prooL 

In  the  body  of  thit  paper  we  make  particular  use  of  the  completeness  when  k a 0.  In  this 
case  the  proof  must  be  modified  slightly.  It  is  unchanged  through  (A.4)  after  which  we  mutt 
use 

[(UJV.H)*.  ♦mJ  » -(2m,  + 1)^  (y  t/  + JT)  + (yH  + IT) 

to  establish  that 

yH  + tr«0. 
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INTRODUCTION 


I:>  coaqparin?  varlou*  nwthoda  for  tha  asainilatlon  of  raeiata  aounding  Information 
into  nunarical  waathar  pradiction  (NWP)  taodals,  tha  problam  of  modal  dapandanca  f or 
tha  diffarant  raaulta  obtainad  is  claarly  important.  Moat  assimilation  axparimants 
hava  not  addraasad  this  ,;)-*oblam  diractly,  avary  rasaarch  and  davalopmant  ^roup 
woricing  assantially  with  ona  nuaarical  modal. 

Ha  hava  startad  to  invastigata  two  as pacts  of  tha  nodal  dapandanca  quastion:  1) 

tha  affact  of  incraasing  horizontal  rasolution  within  a givan  modal  on  tha  sssimi> 
latton  of  sounding  data,  and  2)  tha  affact  of  using  two  antiral/  diffarant  modals 
with  tha  sama  assimilation  mathod  and  sounding  data.  In  ordar  to  study  tna  first 
aspact,  wa  hava  appllad  our  four-dimanalonal  (4*D)  tima-continuoua  statistical 
assiadlation  mathod  (SAM:  [1.1, 3, 4])  to  tha  assimilation  of  sounding  data  from  tha 
Data  Syscams  Tase  (DST)  parlod  0ST>6  (February  1976)  into  tha  Goddard  Laboratory 
for  Acaiospharlc  Sciancas  (GLAS)  ganaral  circulation  nodal  (GCM)  with  a coarsa  raso- 
lution (4*  lat.  xS*  long. ) and  with  a fins  rasolution  (2. 5*  1st  .x3*  loig. ) . To  study 
tha  sacond  aspact  of  nodal  daparJa.ica,  wa  hava  appiiad  an  asynoptlc,  tima-continuous 
succasslva  corracclon  mathod  (SCh:  (2,3,51)  to  tha  global,  rina-laval,  prlnitlva- 

aguatiott  modal  of  tha  U.S.  National  Mataorological  Cantar  (NMC:  [6]).  Kasults  of 
SCM  asslatllations  with  tha  lattar  modal  ara  conparai  with  thosa  of  pravious  SCM 
axparimants  with  DST-6  data  using  tha  GLAS  coarsa-nash  nodal. 

DEPEKDENCS  ON  MODEL  RESOLUTION 


Praliminary  rasults  of  coopazisons  batwaan  SAM  assimilations  with  tha  coarsa-nash 
and  tha  fina-oNsh  GLAS  andal  show  that  incraasad  awdal  rasolution  doas  not  affact 
tha  affact  of  satallita  data  on  waathar  foracasts  in  any  nagativa  way:  tha  af facts 
of  incraasad  rasolution  and  of  satallita  data  assimilation  ara  eumulativa:  thay 

both  tand  to  inprova  foracasting  accuracy  by  a similar  fractional  amount.  This 
fact  is  raflaetad  in  tha  usual  nuaarical  naasuras  of  foracast  accuracy,  viz.,  RMS 
arzors  and  sltill  scoras.  It  is  also  raflaetad  in  synoptic  emsa  studias  of  tha 

larga-scala  foracast  flalds. 
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M.  Ghil,  M.  Halent  and  R.  Adas 
Efgaet  on  Numarieal  Maaauras  of  Forecast  Accuracy 

Aaalailation  cyclta  war*  run  using  data  from  29  January  till  21  Fabruary  1976  with 
both  th*  coarsa  and  th*  fin*  GLAS  aodals.  For  each  modal  resolution,  on*  cycle 
was  run  including  all  data  availabla  during  the  OST-6  period,  in  particular  temper- 
atur*  sounding  data  froa  th*  NOAA-4  and  Nimbua-6  satellites , and  another  one  was 
run  with  th*  saa*  data,  but  excluding  the  tesqparatur*  sounding  information:  they 

ar*  referred  to  respectively  as  the  2SAT  and  th*  NOSAT  cycle.  For  each  one  of 
these  four  experiments,  72h  forecasts  were  performed  from  the  analyses  produced  by 
th*  corresponding  assimilation  cycle  at  48h  intervals,  starting  on  1 February.  The 
forecasts  were  verified  at  48h  and  at  72h  against  NMC  operational  analyses.  The 
quantities  verified  and  regions  of  verification  are  th*  same  as  in  [1,2. 3. 4. 5]. 

Th*  results  are  suooarixed  in  Table  1,  according  to  the  methods  outlined  in  [1,2.3. 
4,3 J.  It  is  seen  th-.*  th*  effect  of  model  improvement,  specifically  of  increased 
resolution  on  th*  on*  hand,  and  of  utilization  of  satellite  data  on  th*  other,  act 
both  in  th*  direction  of  improving  the  forecast  accuracy.  In  fact,  th*  two  effects 
appear  to  be  nearly  additive,  as  indicated  by  a comparison  of  the  results  in  the 
last  three  rows  of  the  table.  Note  also  that  the  2SAT  experiment  2F,  with  th*  fine 
model,  consistently  gives  isqiacts  which  are  significantly  higher  than  those  of  the 
corresponding  experiment  with  the  coarse  model, 2C,  when  measured  against  the  common 
standard  of  the  coarse  NOSAT  experiment  CC  (viz.  the  second  and  the  last  row  of  the 
table) . 


TABLE  1 Summary  of  Results  for  Model  Dependence  Experiments 


Experi- 
ment No. 

Coeparison 

Coda 

Impact. 

S, 

1 

% 

RMS 

Statistical  Significance 
(average/standard  error) 
a-MS 

OC 

OC 

0 

0 

- 

- 

2C 

2CC 

4.46 

12.41 

1.85 

2.59 

OF 

OF 

0 

0 

- 

- 

OFC 

5.86 

7.30 

1.62 

1.35 

2F 

2FF 

4.49 

7.98 

1.40 

1.71 

2FC 

10.01 

14.47 

2.67 

2.47 

The  symbol  0 stands  for  a NOSAT  experiment,  2 stands  for  a 2SAT  experiMnt;  the 
symbol  C stands  for  an  ejqierisient  with  the  coarse  model,  F for  one  with  the  fine 
model.  Th*  results  of  the  2SAT  experiment  with  the  fine  moel,  2F,  were  compared 
both  vith  those  of  th*  coarse  NOSAT  experiment  OC,  and  with  those  of  the  fi.ne  NOSAT 
experiment  OP;  these  coi^parisons  ar*  denoted  by  2FC  and  by  2FF,  respectively.  The 
NOSAT  experiment  OF  appears  both  as  a control  for  2F,  viz.  , as  OF,  and  in  a com- 
parison versus  the  coarse  NOSAT  OC,  viz.,  as  OFC.  * 

Effect  on  SvnoDticallv  Significant  Forecast  Imoroveaents 

It  is  well  known  that  moderate  improvements  o'  forecast  accuracy,  as  measured  by 
RMS  error'  and  by  skill  scores,  are  not  consistentlv  reflecteo  in  the  improved 
progrrsis  of  major  synoptic  features,  ••'ithin  a certain  number  of  forecasts  whicn 
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Efftcca  on  U*ach«r  Forccatcing 


show  a slight  Improvamanc  In  chair  scaclsclcs.  only  a small  fraction  will  show 
actual  changas  for  cha  baccar  which  ara  noclcaabla  synopclcally . This  was  obsarv- 
ad  also  In  cha  axparlmancs  raporcad  haraln. 

A prallmlnary  axamlnaclon  of  cha  nunarlcally  pradlctad  flow  paccarns  showad  no 
major  changas  for  cha  worsa  In  any  2SAT  foracasc  with  cha  flna  modal,  as  comparad 
with  cha  corraspondlng  NOSAT  foracasc,  minor  changas  for  cha  baccar  which  slightly 
oucwalgh  Chosa  for  cha  worsa,  and  at  laasc  ona  major  Improvamanc.  This  noclcaabla 
Improvamanc  actrlbucabla  to  propar  uclllzaclon  of  satalllca  data  occurrad  In  the 
72h  foracasc  from  OOOOGMT  19  Fabruary  1976. 

Ac  cha  Initial  elma  of  cha  foracasc,  cha  analysis  showed  a modaracaly  Incense  low- 
pressure  syscam  located  off  cha  norchwasc  coast  of  cha  United  States.  As  this  sys- 
tem moved  Inland,  a new  low  developed  along  an  already  existing  stationary  front 
and  bacama  Cha  dominant  feature.  During  cha  first  48  hours  of  the  modal  foracasc 
only  alight  dlffarancas  exist  bacwaan  cha  2SAT  and  NOSAT  saa-laval  prognoses  as 
both  correctly  predict  Cha  Incanslf Icaclon  and  souchaascward  dlsplacamanc  of  this 
low.  After  48  hours  however  a radically  different  paccarn  amargas:  the  2SAT 

foracasc  predicts  cha  low  to  recurve  and  accalaraca  to  the  northeast,  while  the 
NOSAT  forecast  falls  to  move  Cha  low  canter.  The  NMC  oparatlonal  PE  hemispheric 
forecast  modal  also  failed  to  move  cha  low  northeastward.  This  low  was  associated 
with  both  heavy  snow  and  severe  lowal  storms  during  Its  displacement,  and  signifi- 
cantly different  local  weather  forecasts  of  those  major  events  would  hair  resulted 
from  cha  differing  prognoses. 

Figures  la  and  lb  depict  the  72h  sea-level  pressure  prognoses  from  19  February  for 
the  2SAT  and  NOSAT  cases  raspaccively,  while  the  corresponding  analysis  Is  depic- 
ted In  Fig.  Ic.  Figure  Id  shows  the  NMC  operational  72h  forecast.  A comparison 
of  chase  charts  reveals  the  vary  significant  Inproverarnc  in  the  displacement  of  the 
low-pressure  system  that  resulted  from  the  Inclusion  of  satellf'e  data  Substan- 
tial Improvamancs  in  the  dlsplacemanc  of  the  associated  upper-level  trough  and 
vortlclty  maxiraum  (charts  not  shown)  were  also  observed. 

INTER-MODEL  DEPENDENCE 


Previous  results  with  the  GLAS  coarse-mesh  model  (1.2, 3.4, 5)  Indicated  that  by  us- 
ing a time-continuous  4-D  method  with  staclsrlcal  features  (SAM  or  SCM)  the  assim- 
ilation of  reouce  sounding  temperature  data  can  lead  to  nunerlcal  forecasts  wnlch 
show  a modest,  but  staclsclcally  significant  Improvement  over  forecasts  started 
from  analyzed  fields  not  containing  the  remote  sounding  Information.  To  determine 
whether  the  crenalaclon  of  our  methods  Into  operational  practice  Is  feasible,  we 
decided  to  apply  them  to  the  model  used  by  NMC  to  produce  their  operational  anal- 
yses [61,  which  shall  be  called  In  the  sequel  the  9LG  (nine-level  global)  model. 

As  a first  step,  SOi  was  adapted  to  and  leprogrammed  for  the  9LC  model.  Numerous 
problems  arose  In  the  adaptation,  due  to  differences  between  rht  models  and  some 
of  these  problems  await  better  solutions  than  rha  ones  given  to  them  at  the  pre- 
sent. A NOSAT  and  a 2SAT  assimilation  cycle  were  started  and  carried  out  from  1 
February  till  7 February  1976.  using  rhe  same  data  secs  as  for  the  corresponding 
GLAS  model  cycles.  Forccsscs  were  carried  out  from  the  analyzed  fields  generated 
on  3,  5 and  7 February.  These  t’perlments  are  being  continued  and  will  be  dis- 
cussed more  completely  ir,  a future  publication. 

At  this  point,  a comparison  of  results  with  chose  of  SCM  experiments  performed  on 
the  GLAS  model  [2,3,4,51  shows  chat  the  differences  between  anaiyced  fields  from 
the  NOSAT  and  2SAT  cvclas  do  not  seem  to  depend  on  the  model:  the  differences 

produced  by  our  uclllzaclon  method  of  satellite  data  are  of  similar  magnitude  for 
the  9LG  model  as  they  were  for  the  GLAS  4*x5*  model.  These  differences  range  up 


M.  Chit,  M.  Haltm  and  R.  Adas 


140 


Efftcts  on  U«Ath*r  Forecasting 


CO  100  m in  the  SOO  mb  geopocential  height  field,  especially  over  the  North  Paci- 
fic, where  conventional  data  coverage  la  relatively  poor.  These  initial  state 
differences  lead  also  to  correspondingly  large  differences  In  4Sh  and  72h  fore- 
casts. We  Intend  to  examine  further  the  question  whether  these  differences  are 
due  solely  to  the  assimilation  of  satelllta  data. 

CONCLUDISC  REMARKS 


Cur  exparlmenca  on  model  dependence  of  sounding  temperature  assimilation  suggest 
the  following  tentative  conclusions:  First,  that  model  Improvement,  as  exempli- 

fied by  Increased  resolution,  can  act  In  the  same  direction  as  judicious  4-o  as- 
similation of  remote  sounding  Information,  to  Improve  2-3  day  numerical  weather 
forecasts.  The  effect  of  model  Improvements  and  the  effect  of  an  observational 
data  base  augmented  by  the  proper  Inclusion  of  sounding  temperatures,  when  com- 
bined, can  lead  to  numerical  prognoses  which  achieve  improvements  of  synoptical 
significance  more  easily  than  either  effect  separately.  Second . that  the  time- 
continuous  4-0  methods  developed  at  GLAS  have  similar  beneficial  effects  when  used 
In  the  assimilation  of  remote  sounding  information  into  NWP  models  with  very  dif- 
ferent nuBMrlcal  and  physical  characteristics.  This  suggests  the  possibility  of 
the  eventual  implementation  of  these  time-continuous  methods  In  an  operational  en- 
vironment, In  which  they  might  contribute  to  noticeable  Improvement  In  routine 
weather  forecasting. 
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ABSTRACT 

Methods  are  derived  (or  the  time-continuous  four-dimensional  assimilatioa  of  satellite  sounding  temperatures. 
The  methods  presented  include  time-continuous  versions  of  direct  insertion,  successive  correction  and  statistical 
linear  regresswn.  They  are  applied  to  temperature  sounding  data  obtained  from  radiance  measurements  taken  by 
instruments  aboard  the  polar-orbiting  satellites  NOAA  4 and  Nimbus  6.  The  data  were  collected  during 
the  U.S.  Data  System  Test  in  January- March  1976. 

A comprehensive  series  of  experiments  was  performed  to  study  the  effects  of  using  various  amounts  of 
satellite  data  and  differing  methods  of  assimilation.  The  experiments  included  the  assimilation  of  data 
from  the  NOAA  4 satellite  only,  from  Nimbus  6 only,  and  of  dau  from  both  satellites  combined.  Other 
experiments  involved  variations  in  the  application  of  our  time-continuous  sutislical  assimilation 
methods  and  of  asynoptic  successive  correction  methods.  Intermittent  assimilation  of  the  sounding 
data  was  also  tested,  and  its  results  compared  with  those  of  time-continuous  assimilation. 

Atmospheric  states  determined  in  the  assimilation  experiments  ser.  ed  as  initial  states  for  a sequence 
of  evenly  spaced  3-day  numerical  weather  forecasts  corresponding  to  each  experiment.  The  effects 
of  the  satellite  data  were  evaluated  according  to  the  following  criteria:  I)  differences  between  the  initial 
states  produced  with  and  without  utilization  of  satellite  dau.  Z)  differences  between  numerical  predictions 
made  from  these  initial  states,  and  3)  differences  in  local  weather  forecasts  resulting  from  the  large- 
scale  numencal  predictions. 

Initial-sute  differences  were  evaluated  in  terms  of  magnitude  and  location  of  large-scale  differ- 
ences between  meteorological  fields.  Numerical  prediction  differences  were  evaluated  in  terms 
of  5|  skill  Kores  and  rms  errors,  as  well  as  by  synoptic  case  studies.  An  automated  forecasting 
model  (AFM)  based  on  quasi-geostrophic  theory  and  on  subjective  forecasting  principles  was  de- 
veloped to  faciliute  the  objective  evaluation  of  differences  produced  in  local  weather  forecasts, 
espemally  precipiution  forecasts. 

These  studies  suggest  the  following  conclusions:  1)  satellite-derived  temperature  dau  can  have  a 
modest,  but  sutistically  significant  positive  impact  on  numerical  weather  prediction  in  the  Z-3  day 
range:  2)  the  impact  is  highly  sensitive  to  the  quantity  of  dau  available,  and  increases  with  dau 
quantity;  and  3)  the  method  used  to  assimilate  the  satellite  dau  can  influence  appreciably  the 
magnitude  of  the  impact  obtained  for  the  same  dau. 
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1.  Introduction 

One  of  the  main  reasons  we  cannot  tell  the  weather 
tomorrow  is  that  we  do  not  know  the  weather  today. 
Numerical  weather  prediction  (NWP)  models  re- 
quire the  complete  specification  of  all  the  initial 
state  variables  of  the  atmosphere,  yet  only  a frac- 
tion of  the  required  initial  data  are  available  at  any 
given  time.  The  required  data  consist  of  the  three- 
dimensional  fields  of  temperature,  humidity  and 
horizontal  velocity  at  locations  comparable  in  num- 
ber and  spatial  distribution  with  the  number  of  grid 
points  of  the  models  used  for  NWP.  By  long-stand- 
ing convention,  such  data  are  furnished  at  the  so- 
called  synoptic  times,  0000  and  1200  GMT.  and 
numerical  forecasts  are  performed  every  day  start- 
ing with  data  at  these  initial  times. 

The  data  available  at  synoptic  times  fall  far  shoa 
of  being  sufficient  in  number;  also,  in  contradis- 
tinction to  the  regular  spacing  of  model  gnd  points. 
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they  are  very  unevenly  distributed.  Much  of  the  data 
are  found  to  be  concentrated  over  the  continents  of 
the  Northern  Hemisphere,  while  the  oceans  and  the 
Southern  Hemisphere  are  regions  where  the  data 
coverage  is  very  sparse. 

The  advent  of  meteorological  satellites  in  the  late 
1960’s  seemed  to  offer  an  effective  way  to  supple- 
ment ;he  conventional  synoptic  data  network.  Satel- 
lites carrying  infrared  and  microwave  scanning 
sounden  offered  the  possibility  of  obtaining  verti- 
cal temperature  profiles  with  global  coverage  by  re- 
mote-sounding techniques. 

Satellite-sounding  (Uta,  though  promising,  pro- 
vide only  one  of  the  basic  variables,  viz.,  tempera- 
ture. Moreover,  while  the  conventional  data  sets  are 
available  simultaneously  over  the  entire  globe, 
temperature  sounding  data  are  obtained  only  in 
asynoptic,  time-continuous  fashion.  In  one  of  the 
earliest  efforts  at  using  remote-sounding  tempera- 
tures for  NWP,  Chamey  et  r..  (1969)  put  forward 
the  coruecture  that  a complete  knowledge  of  the 
continuous  temperature  history  of  the  atmosphere 
will  determine  other  initial  state  variables,  in  particu- 
lar the  winds.  A great  number  of  numerical  experi- 
ments with  general  circulation  models  were  carried 
out  based  on  this  coqjecture.  Useful  reviews  of 
these  experiments  can  be  found  in  Bengtsson  ( 1975), 
Jastrow  and  Halem  (1973),  Kasahara  (1972)  and 
McPherson  (1975). 

Recently,  Ghil  et  al.  (1977a)  have  given  a precise 
formulation  to  the  Chamey  coqjecture  for  certain 
simple  atmospheric  models:  they  proved  it  analyti- 
cally to  be  correct  for  these  models  within  the 
formulation  given.  However,  in  practice,  numerous 
problems  with  real  data  and  with  complexities  of 
current  NWP  models  are  not  completely  covered 
by  their  rigorous  theory.  Therefore,  it  .seems 
doubtful  whether  a consmictive  method  can  be  de- 
vised, which  from  the  continuous  history  of  the 
temperature  field  alone  will  yield  initial  states  of 
arbitrary  accuracy. 

The  use  of  temperature  history  to  obtain  initial 
states  has  become  known  in  the  literature  as  four- 
dimensional (4D)  assimilation  of  temperatures.  In 
the  present  article  we  compare  a number  of  methods 
of  4D  assimilation  of  remote-sounding  temperatures 
and  their  effect  on  the  accuracy  of  the  initial  states 
obtained,  as  well  as  on  the  resulting  forecasts  gener- 
ated from  these  initial  states. 

The  methods  considered  herein  are  mostly  time- 
continuous:  one  assimilation  experiment  using  inter- 
mittent assimilation  of  asynoptic  data  at  synoptic 
times  was  carried  out  for  the  purpose  of  compar- 
ing the  present  methods  with  more  conventional  data 
analysis  techniques.  The  methods  presented  include 
direct  insettion  (DIM),  successive  corrections 
(SCM)  and  a statistical  assimilation  method  (S.A.M). 

In  addition  to  the  methods  mentioned  above,  a 


number  of  other  methods,  whose  development  or 
testing  is  not  complete  at  present,  are  reported  in 
Halem  et  al.  (1978).  These  include  an  asynoptic 
variational  method  using  a direct  minimization 
technique  (Ghil  and  Mosebach,  1978)  and  assimila- 
tion using  a set  of  filtered  equations  (Peng  and 
ShkoUer,  1978). 

Assessment  of  the  effect  that  sounding  data  and 
methods  for  their  assimilation  have  on  weather 
forecasting  is  complicated  by  the  verification  prob- 
lem. This  problem  has  to  do  with  a lack  of  con- 
sensus on  adequate  measures  for  the  accuracy  and 
utility  of  a large-scale  numerical  forecast.  In  the 
present  study  a new  verification  criterion  is  intro- 
duced based  on  the  accuracy  of  local  precipitation 
forecasts  derived  from  large-scale  numerical  model 
forecasts.  An  automated  forecasting  model  (AFM) 
is  formulated  to  allow  for  the  rapid  computation 
of  large  numbers  of  local  weather  forecasts.  The 
AFM  is  then  applied  to  the  evaluation  of  our  experi- 
ments, along  with  the  usual  5i  and  rms  error  meas- 
ures, and  with  a number  of  subjective  case  studies. 

All  the  experiments  described  herein  were  per- 
formed on  a standard  set  of  data:  those  provided  by 
the  National  Meteorological  Center  (NMC)  and  by 
the  National  Environment  Satellite  Service  (NESS) 
during  the  Data  System  Test  period  DST-6  (Janu- 
ary-March  1976).  Experiments  were  carried  out  to 
study  the  effect  of  data  quantity,  as  well  as  the  role 
of  assimilation  method. 

The  assimilation  and  verification  methodology  is 
developed  in  Section  2.  The  numerical  experiments 
are  described  in  Section  3.  Their  results  are  pre- 
sented and  discussed  in  Section  4.  Conclusions  fol- 
low in  Section  5. 

2.  Description  of  the  methods 

The  main  contribution  of  this  article  consists  in 
the  way  data  are  assimilated  and  in  some  of  the  cri- 
teria used  for  assessing  the  impact.  The  imila- 
tion  methods  considered  fall  into  the  broa  cate- 
gory of  time-continuous  methods.  Time-conti  <uous 
methods  are  particularly  appropriate  for  the  assimila- 
tion of  remote-sounding  temperature  data  because  of 
the  asynoptic  nature  of  these  data.  In  the  following 
we  shall  present  a number  of  time-continuous 
versions  of  direct  insertion,  of  successive  correc- 
tion techniques  and  of  statistical  assimilation 
methods.  Ths  latter  methods  are  currently  gaining 
greater  recognition  and  wider  acceptance  for  the 
purpose  of  assimilating  different  types  of  observa- 
tional data  in  the  process  of  determining  the  initial 
states  from  which  numerical  forecasts  are  made 
(Phillips.  1976). 

•All  the  methods  described  were  applied  to  assimi- 
lation cycles  pert'ormed  with  the  Goc-ard  Labora- 
tor^’  for  .Atmospheric  Sc.ences  'GL-.J!'  icnerai 


143 


MONTHLY  WEATHER  REVIEW 


circulation  model  (Somerville  et  al.,  1974;  Stone 
tt  al.,  1977).  The  same  model  was  also  used  in  the 
forecasting  experiments. 

The  model  is  a global,  primitive-equation  (PE) 
model,  discretized  in  ftnite-difference  form.  Hori- 
zontal coordinates  are  longitude  and  latitude,  the 
grid  spacing  being  4*  latitude  x 5”  longitude.  The 
vertical  coordinate  o-  • (p  - p,)/(p,  - Pr)  is  modi- 
fied pressure,  where  p is  pressure,  p,  surface  pres- 
sure, andpr  ” 10  mb.  The  model  has  nine  uniformly 
spaced  levels  in  the  vertical  direction. 

The  horizontal  space  differencing  is  performed  on 
a staggered  grid,  with  quasi-conservation  of  mass, 
kinetic  energy  and  enstrophy.  Time  differencing 
is  performed  following  the  space-centered  Euler- 
backward  (Matsuno)  scheme  (Arakawa  and  Lamb, 
1977). 

The  model  differs  from  that  described  in  Somer- 
ville et  al.  (1974)  and  in  Stone  et  al.  (1977)  by  the 
introduction  of  a split  grid,  which  at  high  latitudes , 
doubles  the  longitudinal  mesh  size  from  f to  10* 
at  66",  and  from  10*  to  20®  at  78®  (M.  Halem  and  G. 
Russell,  personal  communication).  This  modi- 
fication is  discussed  in  Herman  and  Johnson  (1978). 
Its  main  effect  is  to  allow  an  increase  in  the 
model  time  step  from  the  previously  reported  5 
min  to  the  current  10  min. 

No  explicit  horizontal  diffusion  is  added.  Due  to 
a number  of  features  of  the  difference  scheme,  such 
as  the  averaging  required  by  the  staggering  of 
variables  and  the  additional  smoothing  at  high  lati- 
tudes, the  scheme  is  in  fact  strongly  dissipative. 
As  a result,  spurious  high-frequency  oscillations 
generated,  at  the  beginning  of  a forecast  decay  very 
rapidly,  and  reach  a level  comparable  to  that  ot^ 
served  in  the  atmosphere  after  at  most  6 h of  simu- 
lated time.  Hence,  no  special  time-filtering  or 
initialization  procedure  was  used  in  either  the  as- 
similation experiments  or  in  the  associated  forecast 
experiments. 

a.  The  assimilation  me' hods 

The  methods  presented  herein  were  designed  to 
deal  with  temperature  sounding  data  from  polar- 
orbiting  satellites.  They  can  be  extended,  however, 
to  other  asynoptic  meteorological  data,  such  as 
cloud-track  wind  data  from  geostationary  satellites, 
and  aircraft,  balloon  and  surface  ship  data.  An 
application  to  Seasat-A  marine  wind  data  was 
given  by  Cane  et  al.  (1978).  The  description 
will  be  restricted  here  to  the  sounding  temperature 
application. 

The  vertical  temperature  profiles  obtained  from 
satellite-based  radiance  measurements  are  grouped 
by  10  min  time  intervals;  the  intervals  are  centered 
in  time  around  a forecast  model  time  step.  A plot 
of  a typical  group  of  temperature  data  obtained  in  a 


10  min  interval  is  shown  in  Fig.  1.  The  choice  of 
time  interval  corresponds  to  the  length  of  the  model 
time  step.  In  what  follows  we  shall  refer  to  satellite- 
derived  temperatures  as  absented  temperatures. 

All  our  methods  carry  out  a correction  of  fore- 
cast temperatures  at  model  grid  points  situated  in 
the  neighborhood  of  a group  or  “patch"  of  ob- 
served temperatures.  This  correction  is  applied  to 
the  forecast  value  at  the  model  time  step  closest  to 
observation  time.  It  is  based  on  interpolation  of 
the  observed-minus-forecast  temperature  field. 
The  difference  between  methods  consists  in  the  way 
in  which  the  interpolation  coefficients  are  deter- 
mined. In  the  present  implementation  of  the  methods, 
only  information  at  the  same  mandatory  pressure 
level  is  used,  i.e.,  the  interpolation  is  two-dimen- 
sional. 

The  general  interpolation  procedure  is  as  follows. 
Let  k be  an  observation  point  (on  a fixed  manda- 
tory pressure  level),  Tj  the  observed  temperature, 
and  T{  the  (interpolated)  model  temperature  at  the 
observation  point  k.  We  use  a single  subscript  to 
indicate  location,  thus:  k « (ij),  where  i sunds  for 
discretized  longitude  and  j for  discretized  latitude. 

Let  -yi,  “ rj  - be  the  difference  between  the  ob- 
served and  the  forecast  temperatures  at  k.  We  wish 
to  compute  corrections  5,  to  forecast  values  at  grid 
points  1 « (m,n)  near  the  observation  points  k, 
where  k ranges  over  a group  or  "patch"  of  observa- 
tions such  as  the  one  shown  in  Fig.  1.  In  the  figure, 
grid  points  closest  to  observation  points  k are 
marked  by  T's;  additional  grid  points  I which  are 
affected  by  the  observations  after  corrections  are 
made  appear  as  -r's.  After  applying  the  corrections 
calculated  by  interpolation,  the  temperature  at  -t- 
points  as  well  as  at  T points  will  be  different  from 
the  forecast  value. 

The  corrections  5,  * Tf  - T{,  with  7^  the  cor- 
rected temperature  at  grid  point  1.  are  computed  by 
the  linear  formula 

6,-1  atYfc.  (1) 

k 

where  here  and  in  the  following  we  drop  the  vector 
notation  for  k and  I,  the  multi-index  character  of 
k and  / being  tacitly  understood.  The  coefficients 
of  in  (1)  are  the  coefficients  of  interpolation,  or 
the  "weights"  which  observations  made  at  points 
k have  in  correcting  the  forecast  value  at  point  /.  The 
difference  between  the  assimilation  methods  stems 
from  the  different  techniques  used  in  determining 
the  weights  of. 

1)  The  direct  insertion  method  (dim) 

In  this  method  of  is  different  from  zero  only  when 
the  spherical  distance  s,ei  between  observation  ^loint 
k and  correction  point  / is  less  than  one  model  mesh 
width  in  either  coordinate  direction  (cf.  Bengtsson. 
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Fic.  I.  rh«  dismbution  of  tempcraiure  sounding  dau  available  over  a 10  min  time  interval,  and  of  the 
model  gnd  points  at  which  our  statistical  assimilation  method  will  modify  forecast  temperatures  using  these 
data.  The  T's  stand  for  gnd  points  in  the  immediate  neighborhood  of  satellite  retrievals,  the  +'s  for  the 
other  points  affected  by  the  retnevals  m SAM.  The  total  domain  of  mlluence  of  the  retnevals.  consisting 
of  T points  and  -i-  points,  has  a radius  of  ZOOO-3000  km. 


1975,  p.  24).  The  weights  are  calculated  here  as 
follows:  within  a model  mesh  rectangle  givt’i  by  its 
comen  U * J)>  l\  “ (i  + l.y).  U “ D. 

U * (i.  7 + 1).  an  observation  point  k defines  four 
smaller  rectangles,  of  areas  .A,.  A,.  A.,  .A,;  the  rec- 
tangle of  area  Ao  is  adjacent  to  comer  /,„  A,  to  1,. 
At  to  It  and  Aj  to  /,.  The  areas  Ao.  A,.  .A-  and  .Aj 
add  up  to  the  area  .A  of  the  4°  latitude  x 5"  longitude 
mesh  rectangle.  The  weight  of,  is  now  simply  set 
equal  to 


Here  \'a  is  the  total  number  of  observations  within 
the  four  mesh  rectangles  adjacent  to  the  point  /(,. 
Thus  in  particular  0 « 1 i «T,  < 1 ■ The  formula  for 
the  rectangle  comer  /,  is  of,  = (1;.V,)(,A].A)  etc. 
Further  details  on  DIM  appear  in  Ghil  and  Dilling 
(1978,  pp.  3.4-3.10). 


2)  The  successive  correction  method  (sc.m) 

Here  the  coefficients  of  are  computed  by  an 
iterative  procedure.  The  interpolation  is  earned  out 


in  a number  of  .V/  successive  scans.  At  each  scanp, 
the  interpolation  extends  to  all  observations  within 
a radius  Rp  of  the  grid  point  /;  /?,  is  the  same  fo**  all 
grid  points.  The  coefficients  afj,  at  scan p are  given  by 


.Vp  Rp^  + ■ 

0. 


if  iw  < Rp 

if  iM  » Rp. 


(3) 


Here  is  the  spherical  distance  between  the 
points  it  and  /,  and  S,  is  the  total  number  of  observa- 
tions within  the  circle  with  radius  Rp  centered  at  /. 

We  used  .V/  - 4 and  R^  - 700  km.  /?,  « 600  km. 
7?j  » 500  km  and  /?«  * 400  km.  As  a result,  for  a 
given  observation  patch,  the  patch  of  corrected  grid 
values  will  extena  further  out  than  in  DIM.  More- 
over. due  to  the  dependence  of  the  weights  at  on 
distance,  the  corrected  values  will  blend  smoothly 
into  the  forecast  field. 

This  method  was  implemented  at  NMC  for  the 
purpose  of  operational  synoptic  objective  analysis 
by  Cressman  ( 1959).  Funher  details  on  the  asynoptic 
formulation  used  in  this  study  appear  in  Ghil  and 
Dilling  (1978.  pp.  3.23-3.32). 


0 


'jr 
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3)  The  statistical  assimilation  method  (sam) 

In  this  method,  the  coefficients,  or  weights, 
of  are  determined  by  making  explicit  use  of  the  error 
structure  of  the  fields  which  we  wish  to  interpolate. 
The  knowledge  of  this  error  structure  is  incorporated 
into  the  correlation  function  i^s).  This  hinction 
models  the  correlation  between  observed-minus- 
forecast  temperature  values  at  different  locations. 

(i)  The  correlation  function.  We  have  assumed 
that  the  error  structure  is  isotropic,  i.e.,  that  de- 
pends on  the  distance  between  points  k and  /, 
but  not  on  the  direction  of  the  position  vector 
r^.  It  is  known  that  this  assumption  is  not  rigorously 
correct  (Thiebaux,  1977)  but  it  was  convenient  to 
make  it  at  the  outset  in  developing  the  current 
formulation  of  SAM  [see  Eq.  (8)  below  and  r?'er- 
ences  following  it]. 

The  function  Ms)  was  computed  first  for  discrete 

values  of  i.  Ji  = 100  km.  j*  »•  300  km s, 

* {2p  - 1)  X 100  km directly  from  the  differ- 

ence between  satellite  data  and  model  forecast 
temperatures  available  during  the  DST-6  period. 
The  continuous  function  d>(j)  was  then  obtained  by 
fitting  an  analytic  function  <b  = d>(j;  So,c),  depend- 
ing on  the  parameters  in  and  c,  to  the  values  <bp 
■ Ms,),  by  a least-squares  fit.  In  other  words,  we 
obtained  the  values  of  s„  and  of  c for  which  Ms ; So,c) 
satisfied 

2 So,c)  - = minimum.  (4) 

p 

The  form  of  d>  used  in  the  experiments  reported 
on  here  was  exponential,  i.e., 

Ms;  St,c)  - (1  - c)e""*»  + c.  (5) 

Least-squares  fits  using  a norma]  or<}aussian  func- 
tion with  exp<,-i'  io')  instead  of  exp(-j/io)  gave 
residuals  typically  larger  by  an  order  of  magnitude 
than  those  attained  with  (5).  The  distribution  of  M 
did  not  seem  to  warrant  the  use  of  a series  of  Bessel 
functions  7o  (Rutherford.  1972)  or  of  a damped  ccsiiie 
function  (Schlatter  et  al..  1977).  Our  experiments 
lead  us  to  believe  tha:  results  would  not  be  particu- 
larly sensitive  to  the  exact  form  of  <6(j),  or  to  the 
choice  of  parameters  values. 

The  function  Ms;  So>c)  obtained  in  Eqs.  (4)  and 
(5)  was  not  actually  used  in  this  form  to  calculate 
the  weights  of.  It  was  modified  in  two  ways:  1)  to 
account  for  the  known  bias  of  remote-sounding 
temperatures:  md  2)  to  account  for  the  strong 
inhomogeneity  of  the  error  structure. 

A positive  value  of  c in  (5)  can  be  interpreted 
as  being  the  result  of  a systematic  bias  in  the  differ- 
ences yii  ■ rj  - rC.  Indeed,  let  the  mean  of 
the  random  variable  -y^.  be  yi,.  » y w 0.  It  is  reason- 
able to  assume  chat  deviations  from  the  mean  of  the 


differences  y^-  are  uncorrelated  over  large  distances, 
i.e.,  that 

lim  (Yk  - vKYfc'  - y)  * 0 (6a) 

or  that  

YfcYk’  — * y*  > 0 (6b) 

as  Jk*.  -»  *.  This  argument  suggests  that  c ->r. 

For  most  of  the  data  sets  used  in  our  experiments 
(see  Table  1 below)  the  values  of  c given  by  the  best 
two-parameter  least-squares  fit  were  positive  and 
small.  A negative  value  of  c was  obtained  for  one  of 
the  sets  of  data  considered  here.  The  meaning  of  a 
negative  c in  this  context  is  not  entirely  clear:  in- 
deed, y < 0 would  still  give  a positive  c = y.  How- 
ever. it  is  well  known  that  negative  values  of  M.s) 
at  large  distances  obtain  for  certain  meteorological 
fields;  they  are  associated  with  the  statistical 
sampling  of  very  long  waves  in  the  atmosphere  (e.g.. 
Gandin.  1963,  Figs.  10  and  14;  Phillips,  1976,  Figs. 

5 and  7;  Schlatteref  al. . 1977,  and  references  therein). 
A more  careful  study  of  the  effect  of  long  waves  on 
the  statistical  structure  of  meteorological  fields  re- 
mains to  be  done  (e.g.,  Thiebaux.  1977  and  refer- 
ences therein).  At  this  stage  a function  <i(i:  s,,c) 
withe  < 0 was  used  only  for  reasons  of  consistency. 

In  any  case,  these  considerations  show  that  an 
attempt  to  remove  the  observational  bias  requires 
modifying  Ms;s„c)  so  that  c * 0.  Hence  the  value 
of  So  obtained  in  Eqs.  (4)  and  (5)  was  kept,  but  c 
set  to  zero.  i.e.. 

Ms;  So)  ■ d>(s;  s».0)  * (5') 

was  used  instead  of  Ms;  So,c). 

The  spatial  inhomogeneity  of  the  error  struriure  be- 
came apparent  when  computing  stratified  correlation 
values  ■ (6'"’(s»).  Keren  denotes  a 10°  wide  latitude 
band  within  which  pairs  of  differences  were  chosen, 
with n going  from  1 to  18.  The  different  curves  Ms'.s'"') 
» M^'is)  showed  a remarkably  strong  and  systematic 
effect  of  latitude  on  the  correlations  ( Fig.  2)-  the  curves 
at  higher  latitudes  had  much  narrower  peaks,  i.e.. 
smaller  5"”  than  those  at  lower  latitudes.  This  is  in 
agreement  with  the  well-known  influence  of  latitude 
on  the  Rossby  radius  of  deformation  and  on  the 
mechanism  of  geostrophic  adjustment.  Indeed, 
the  value  of  the  radius  of  deformation  affects  the 
characteristic  scale  of  both  the  forecast  and  the  ob- 
served temperature  fields  and  hence  the  spread  of 
No  sizeable  or  systematic  dependence  on  height 
of  the  correlations  was  observed  when  stratifying 
computations  by  pressure  levels. 

Rather  than  base  the  correlation  curve  M"'[s) 
used  within  each  latitude  band  on  the  relatively 
small  amount  of  data  available  within  that  band, 
we  decided  to  model  the  effect  of  latitude  in  the 
following  manner:  A single  correlation  function 
(b  * Ms;sn,c)  was  computed  as  indicated  before  from 


•i. 
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Fic.  Z.  The  correlation  function  ifru)  for  different  latitude  band},  using  data  at  all  the  mandatory  pressure  levels.  Clearly,  the  ftinction 
has  a naaower  peak  for  higher  latitudes,  la)  lO'S-equator.  (b)  40*S-?(yS.  ic)  40*N-50*N,  (d)  70*N-80*N. 


Eqs.  (4)  and  i5\  and  modified  by  sening  c * 0 to  tion  patch.  The  use  of  such  a latitude-scaled  correla- 
account  for  the  bias  [cf.  Eq.  (S')].  The  function  tion  function  has  the  added  advantage  that  polar 
<Ms  \ Sq)  * (Ms:  io.O)  was  then  modified  further  in  regions,  over  which  the  earth-orbiting  satellites 
order  to  allow  for  the  latitude  effect,  so  that  pass  frequently,  are  not  completely  •‘swamped  ’ 
finally  the  function  actually  used  for  a given  ob-  by  the  sounding  data  which  have  lower  accuracy 
servation  patch  was  there:  such  "swamping"  could  cancel  the  stabilizing 

influence  of  model  forecast  values  and  affect  ad- 
<Ms)  » (Ms:  Sn  cosd).  i7)  versely  the  assimilation  process. 

(ii)  The  linear  regression  equations.  Having  ob- 
where  h is  the  mean  latitude  angle  of  the  observa-  tainedd>(r)in  Eqs. |4)-(7). the  weights  a^niDarede- 
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fined  for  this  method  as  the  solution  of  the  system 
of  linear  equations 

A/Oi  “ fill  (8) 

here  Oi  • {a}, . . . , S is  the  number  of 
observation  points  in  the  patch  and  ( )'''  denotes  the 
transpose  of  a vector  or  of  a matrix.  System  (8)  is 
the  normal  system  which  arises  in  all  statistical 
applications  using  linear  regression.  Derivations  of 
(8)  can  be  found  in  the  meteorological  literature  for 
instance  in  Bengtsson  and  Gustavsson  (1971,  1972), 
Gandin  (1963)  and  Rutherford  (1972,  1973).  It  is 
based  on  minimizing  the  expected  value  of  inter- 
polation error  squared  with  respect  to  the  values  of 
the  weights  of. 

The  statistical  information  accumulated  on  ob- 
servations and  on  forecasts  is  incorporated  into  the 
entries  aik>  of  the  matrix  A and  into  the  components 
fif  of  the  right-hand  side  vector  fit.  These  are 
given  by 

at*-  - (KSkk-).  fif  - <Us„)-  (5) 

Here  Stf  is  the  spherical  distance  between  the  two 
'>bservation  points  k and  and  is  the  distance 
between  the  observation  point  k and  the  grid  point 
/,  at  which  we  wish  to  make  the  correction.  Notice 
that  A is  determined  exclusively  by  the  geometry 
of  the  observation  patch,  and  we  can  drop  the  sul^ 
script  /,  while  fii  depends  on  both  observation 
points  and  the  correction  point  we  consider. 

The  assumption  of  an  isotropic  correlation 
function  <l>  - 0(s)  leads  to  considerable  simplifica- 
tion of  the  matrix  A and  to  a much  more  reliable 
estimation  of  its  entries  a,,,,,  firom  the  available 
data.  Hence  it  is  quite  customary  to  make  this  as- 
sumption (see  references  above  and  discussion  of 
ill  conditioning  further  below). 

(iii)  Matrix  inversion  method.  The  weights  0| 
depend  on  the  correction  point  /,  because  fit  in 
Eq.  (8)  does.  This  would  seem  to  imply  that  for 
every  correction  point  / we  need  to  solve  (8)  for 
the  weights  o^;  such  an  approach  would  be  computa- 
tionally rather  expensive.  The  number  N of  ob- 
servation points  in  a patch  is  typically  50,  so  that  a 
few  thousand  algebraic  operations  might  be  involved 
in  making  the  correction  at  just  one  point.  Fortu- 
nately, it  is  rather  easy  to  circumvent  this  difficulty. 

Let  y ■ (yi y.v)^  stand  for  the  vector  of 

differences  yk-  Combining  Eqs.  (1)  and  (8),  the  cor- 
rection 5|  is  given  by 

8,  - oTy-  (A-'/J,)Ty  (10) 

Here  x^y  is  the  inner  or  scalar  product  of  the  column 
vecton  X and  y,  and  A~‘  is  the  inverse  of  the  matrix 
A.  Since  A is  symmetric,  we  can  write 

S,  ~ fi7A-'y  fifty.  (II) 

here  we  used  the  rules  for  the  transpose  of  a product 


and  of  an  inverse,  and  introduced  the  vector  i) 
« A*‘y. 

Eq.  (11)  makes  it  evident  that  we  only  need  to 
compute  the  solution  of  system 

At,  - y (12) 

for  an  observation  patch  once;  all  the  corrections 
5i  are  then  computed  as  inner  products  fiftf.  Thus, 
the  total  number  of  operations  per  patch  is  reduced 
to  a few  thousand,  rather  than  a hundred  times  as 
much. 

It  is  worthwhile  noticing  at  this  point  that  the 
device  described  in  Eqs.  (10)  to  (12)  is  useful  in 
reducing  the  computational  effort  for  any  statistical 
assimilation  method,  whether  time-continuous  or 
intermittent.  Indeed,  consider  in  ?<*n*iaiN  observa- 
tion points  k,  and  M por.o  i at  which  corrections 
have  to  be  based  on  the  N observations; 

usuallv  9 N.  Then  the  device  reduces  the  num- 
ber of  operations  to  one  linear  system  solution  (12), 
plus  M inner  products  (II).  On  the  other  hand,  any 
method  of  matrix  inversion  is  equivalent  to  N sys- 
tem solutions,  e.g.,  O(N^)  multiplications  for  a 
full  matrix.  The  number  of  inner  products  (10)  is 
still  the  same  as  in  (11).  The  net  gain  is  thus  con- 
siderable and  increases  as  M and  N increase. 

In  the  current  version  of  the  method,  a general- 
purpose  linear  equation  solver  is  used  to  solve  the 
system  (12);  the  solver  is  based  on  Gaussian  elimina- 
tion with  partial  pivoting.  In  the  future  we  intend 
to  exploit  the  approximately  banded  structure  of 
A in  order  to  reduce  the  number  of  operations  even 
further. 

A well-known  difficulty  in  solving  system  (8)  or 
system  (12)  arises  from  the  fact  that  such  systems 
appearing  in  statistical  computations  are  typically 
ill  conditioned.  In  other  words,  as  the  number  N of 

ebservations  y, y,v  increases,  the  "weighted 

corrections"  t,  become  more  and  more  sensitive  to 
errors  in  the  data,  i.e.,  to  errors  in  A and  in  y. 

Because  of  the  ill-conditioning  of  this  system,  as 
well  as  in  order  to  presmooth  observational  errors, 
the  temperature  sounding  data  were  first  averaged 
to  the  forecast  model  grid  points.  This  averaging 
had  the  additional  advantage  of  further  reducing 
computation  time.  In  the  future  we  plan  to  use  for 
this  purpose  a more  elaborate  form  of  smoothing,  as 
described  in  Ghil  and  Dilling  (1978,  pp.  3.18-3.23), 
instead  of  straightforward  averaging. 

(iv)  Treatment  of  the  sounding  temperature  bias. 
We  have  already  referred  to  the  problem  of  sys- 
tematic differences  between  the  temperature  fields 
obtained  from  satellite  observations  and  those  ob- 
tained from  the  analysis  of  conventional  data;  these 
differences  appear  whether  climatology  or  model 
forecasts  are  used  as  a background  field  ("first 
guess").  This  mean  difference,  or  bias,  should  be 
accounted  for  in  trying  to  extract  the  maximum 
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amount  of  useftil  information  from  satellite  data.  We 
have  attempted  to  do  so  in  two  different  ways. 

Pint,  the  correlation  frinction  ^s)  was  modified 
as  described  in  Eq.  (3').  Second,  there  was  an  at- 
tempt to  take  into  account  the  effect  of  the  bias  on 
the  temperature  corrections  themselves.  One  ap- 
proach in  this  attempt  consisted  in  computing 
the  average  difference  between  observations  and 
interpolated  forecast  values  over  a satellite-data 
patch 

y(r)  - S (13a) 

fW<r+4l 

The  summation  here  extends  over  a time  interval 
A/  « 10  min  and  is  the  number  of  observations 
within  this  time  interval.  The  corrections  8i  are  then 
made  using  the  modified  differences 

yi^yt-py.  0«p<l.  (I3b) 

Thus  p « 0 means  no  modification  of  the  basic 
procedure  described  above,  while  p >■  1 means  that 
y'  « 0.  In  practice  only  p ■ 0,  p - 1 were  used, 
and  no  experiments  with  intermediate  values  were 
carried  out.  An  experiment  with  p >■  1 is  marked 
as  “bias  removed  at  observation  point"  in  Table  1. 

Another  approach  in  our  attempt  to  remove  the 
effect  of  the  satellite-temperature  bias  was  to  “re- 
move the  bias  at  grid  points".  In  this  approach,  the 
actual  correction  made  at  grid  point  / is 

s;  - 5.  - 9-''’*, 


geostrophic  wind  correction  was  also  performed. 
Such  a correction  was  considered  first  by  Hayden 
(1973);  it  is  discussed  by  Bengtsson  (I97S,  pp. 
29-30)  and  by  Kistler  and  McPherson  (1975).  In 
the  model's  <r  coordinates  it  is  given  by 

Vf- Vf X W -^).  (13a) 

where  V is  the  horizontal  velocity  vector,  / the 
Coriolis  parameter,  It  the  vertical  unit  vector,  V, 
the  gradient  operator  parallel  to  <r  surfaces  at 
point  /,  and  ^ the  geopotential.  Superscripts  ( )' 
and  ( Y sund  for  corrected  and  forecast  values, 
respectively. 

In  the  model,  both  and  ^ are  computed  from 
the  hydrostatic  equation 

— - -ir/p,  (13b) 

d<r 

where  p is  density  and  w ■ p,  - pr.  with  p,  the 
local  surface  pressure  and  pr  ■ 10  mb.  Corrected 
values  of  p,  i.e.,  p',  are  computed  from  the  equation 
of  state,  p > piRT,  using  corrected  temperature  values 
7^  and  model  forecast  pressures  p'. 

No  observations  ofp,  are  available  in  general  near 
the  sounding-temperature  “patches".  Hence  no 
corrections  were  made  to  the  surface-pressure  gradi- 
ent term  {a-IpWn  in  evaluating  our  geostrophic 
wind  corrections. 

b.  The  evaluation  ineihuus 


with  b defined  as 


here  is  the  sum  of  the  weights  at  correction 
point  r, 

a''^  - I ojt,  (14c) 

kml 

while  the  weights  are  given  by  (8).  Notice  that 
the  modified  corrections  S{  sum  to  zero,  i.e., 

T S;  - 0,  (14d) 

but  the  modifications  are  not  uniform  over  the 
whole  domain  of  grid  points  influenced  by  a patch 
of  observations.  They  are  proportional  to  a''*  and 
thus  tend  to  be  large  toward  the  middle  of  the  patch 
and  small  away  from  the  patch. 

This  completes  the  description  of  the  time-con- 
tinuous SAM.  as  implemented  in  the  experiments 
described  in  Section  3.  It  has  already  been  pre- 
sented in  Ghil  ft  al.  (1977b);  further  details  can 
be  found  in  Ghil  and  Dilling  (1978,  p.  3.89  ff.). 

(V)  Geostrophic  \s‘ind  corrections.  After  the  tem- 
perature corrections  were  carried  out  by  either 
interpolation  method  (DIM.  SCM  or  SAM),  a local 


The  effect  of  assimilating  satellite  data  on  weather 
forecasting  was  evaluated  using  the  following  three 
criteria:  1)  differences  between  initial  states  pro- 
duced by  analyses  benefiting  from  the  use  of  satellite 
data,  referred  to  as  SAT  initial  conditions,  and 
those  produced  without  such  data,  viz.,  NOSAT 
initial  conditions;  2)  differences  in  the  numerical 
predictions  made  from  these  initial  conditions,  re- 
ferred to  as  the  SAT  and  NOSAT  prognostic  fields, 
respectively;  and  3)  differences  in  the  actual  weather 
forecasts  which  a local  forecaster  would  produce 
based  on  acceptance  of  the  information  given  by 
the  SAT  or  NOSAT  numerical  prognostic  fields. 
Differences  in  the  prognostic  fields  were  measured 
objectively  by  the  standard  numerical  criteria  of 
5,  skill  scores  and  rms  errors,  as  well  as  by  subjec- 
tive comparisons  based  on  synoptic  criteria. 

The  qualitative  and  semi-quantitative  comparisons 
involved  in  evaluating  initial  state  differences,  as 
well  as  the  synoptic  case  studies  made  of  prog- 
nostic fields,  need  no  further  elaboration  at  this 
point.  Their  use  in  Section  4 will  be  self-explanatory. 
We  shall  only  describe  here  thd  analysis  of  5,  and 
rms  results  for  the  numerical  forecasts,  and  the  auto- 
mated forecasting  method  i AFM)  used  to  produce 
local  weather  forecasts  from  the  large-scale  prog- 
nostic fields. 
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1)  Numerical  evaluation  of  forecast  oif* 

FERENCES 

The  numerical  measures  of  forecast  accuracy 
used  were  5|  skill  scoreii  and  root-mean-square 
(rms)  differences.  The  meteorological  fields  to  which 
they  were  applied  are  the  sea  level  pressure  p,  and 
the  height  6 of  the  500  mb  geopoteniial  surface. 
First  the  differences  between  values  of  the  field 
produced  by  a model  forecast  and  the  field  values  of 
the  NMC  objective  analysis  at  the  same  synoptic  time 
were  computed.  These  differences  were  computed 
for  the  synoptic  time  48  and  72  It  after  initial  time. 

The  next  step  was  to  compute  the  rms  value  of  the 
difference  field.  The  actual  impact  measure  consisted 
in  subtracting  the  rms  difference  for  the  experi* 
ment  forecast  from  the  rms  difference  for  the  NOS  AT 
forecast.  A positive  value  of  this  difference  then  means 
beneficial  impact  of.  or  improvement  due  to,  satellite 
data  for  the  given  experiment  and  quantity,  while  a 
negative  value  means  negative  impact.  The  compu- 
tations for  skill  score  impacts  were  done  in  analogous 
fashion.  The  verification  regions  over  which  the  im- 
pact was  measured  were  North  America  (30-70*N, 
75-130*W)  and  Europe  (30-86*N.  IO‘W-40*E). 

The  computed  values  of  S i impacts  from  the  differ- 
ent experiments  are  given  in  Table  2,  for  the 
500  mb  height  field  verified  at  48  h over  North 
America.  Similar  tables  were  computed  for5|  skill 
scores  and  rms  errors  of  the  ^ and  p,  fields  verified 
at  48  and  72  h over  North  America,  as  well  as  over 
Europe,  i.e.,  16  tables  in  all;  they  appear  in  Ghil 
and  Dilling  (1978,  pp.  3.142-3.157)  and  will  not  be 
reproduced  here  in  order  to  save  space. 

Considering  the  results  from  each  experiment, 
one  notices  great  variations  in  the  daily  values  of 
forecast  skill  scores  for  all  quantities,  i.e.,  for 
both  p,  and  ^ over  both  verification  regions  and  at 
both  verification  times;  negative  as  well  as  positive 
impacts  occur,  and  they  are  of  varying  magnitude. 
These  variations  can  be  attributed  to  a number  of 
factors;  the  quantity  and  quality  of  the  satellite  dau 
during  the  48  h preceding  the  given  day  figures  prom- 
inently among  these  factors,  along  with  the  synoptic 
situation  at  the  initial  forecast  time  itself.  Other 
factors  can  be  simply  assumed  to  generate  random 
differences  in  the  impacts. 

Proceeding  from  Table  2,  we  shall  now  outline 
how  the  overview  of  results  in  Table  3 was  ar- 
rived at.  This  is  more  a procedure  for  the  concise 
presentation  of  a large  quantity  of  results  than  a 
real  statistical  analysis  model.  In  formulating  a 
sutistical  model,  one  should  separate  first  de- 
terministic from  random  effects.  The  model  should 
then  account  for  the  existing  linear  dependencies 
among  the  random  effects.  Such  a model  is  currently 
under  investigation. 

For  instance,  when  considering  the  random  com- 
ponent in  the  outcome  of  our  experiments,  it  is 


reasonable  to  assume  th’*'  the  results  of  one  fore- 
cast are  only  weakly  correlated  with  those  of  another, 
their  initial  times  tiding  separated  by  48  h.  It  is  also 
reasonable  to  assume  iP  general  only  weak  correla- 
tions between  the  outcome  r.'  verifications  over 
Europe  and  those  over  Non;,  .\merica,  the  separa- 
tion being  sufficiently  large  in  space  and  hence  in 
synoptic  situations.  But  the  results  for  6 on  the  one 
hand  and  forp,  on  the  other  are  strongly  correlated, 
and  so  are  results  for  the  same  quantity  verified 
at  48  h and  72  h.  The  same  is  ttue  of  rms  and  5, 
error  measures. 

The  synopses  of  results  foi  rms  errors  and  for 
5|  skill  scores  have  been  compiled  separately.  They 
show  strong  correlation,  and  thus  support  our 
simplified  analysis  model  of  the  detailed  results. 

In  Table  2,  let  the  entries  in  the  columns  labeled 
2/1  through  221  be  denoted  by  .v,^,  with  i the  row 
number.  0 < / « • 16.  and;  the  column  num- 

ber, 1 « ; < N.  /V  > 11.  Thus  the  actual  skill 
scores  for  the  NOSAT  experiment  NO  are  1 
<;  c V,  while  the  skill  score  impacts  f'tr  all  the 
other  experiments  are  .r^,  1 < i < M\  tne  same 
holds  for  rms  errors. 

The  results  in  the  three  columns  with  the  heading 
"Actual  value”  represent  an  overview  of  skill 
scores  themselves,  i.e.,  of  .r#,  for  the  first  row, 
I ■ 0,  and  of  Vy  ■ + xq  for  the  othf  rows, 

i # 0.  The  column  headed  "Ave”  cont<‘  <>  the 
averages 

.V  .V 

xo  * S xoi/N  and  V(  - T .v,jAV.  / ¥•  0. 

respectively;  the  column  headed  SD  contains  the 
standard  deviations  5|  of  x«  or  yi,  defined  by 

" 2 (.^o  ~ i ^ 0. 

/•I 

and  similarly  for  So-  The  column  headed  SE  con- 
tains the  so-called  standard  errors  in  estimating 
the  means  .f»  and  yt^i  * 0,  respectively;  it  is 
computed  as  S,  - 8,/v'N. 

The  results  in  the  three  columns  headed  "Differ- 
ence from  NO”  represent  an  overview  of  the  im- 
pacts Xy,  0 < / < A/.  The  entries  in  the  first  row 
are  therefore  clearly  zero.  The  column  headed 
”Ave”  contains  .f,  • x^N,  column  SD  con- 
tains Vi, 9*  ■ 2iLi(xu  - and  finally  SE 

contains  &,  ■ <r/VW. 

Because  of  the  random  influences  on  the  detailed 
results  we  discuss,  there  were  still  great  differences 
between  the  results  in  the  last  three  columns  of 
Table  2 and  those  of  the  similar  tables  for  the  other 
quanuties.  verification  areas  and  verification  times 
(Ghil  and  Dilling,  1973.  pp.  3.142-3.157).  The 
results  in  the  different  tables  were  further  sum- 
marized as  follows. 

The  average  impact  .f,  of  a given  experiment  was 
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computed  from  the  values  xa,  in  the  eight  different 
ubies  with  skill  score  results  (Tables  39a-39h, 
loc  cii.),  x,ic  - (yot  - -foKy-ffl*.  1 < t « 8.  We  sim- 
ply set  ■ vj.,  Xticii,  and  will  refer  in  the 
sequel  to  for  convenience  as  x,.  We  shall  use 
this  average  .r,  as  a measure  of  overall  impact  for 
exfieriment  i,  together  with  the  corresponding 
rms  impact. 

Computing  the  statistical  significance  cf  the  mean 
impact  or  estimating  its  variance  is  a delicate  matter. 
Here  the  assumptions  about  the  population  out  of 
which  the  table  entries  are  considered  to  be  a sample 
play  a critical  role. 

We  define  the  measure  of  statistical  significance, 
or  confidence  in  our  results,  in  the  following  opera- 
tional way.  In  each  one  of  the  eight ' V<es  with  S, 
results,  we  compute  » .fn/o’n,  1 < / < .V/. 
1 < i « 8.  The  total  measure  of  significance  cf  any 
given  experiment  I is  then  given  by  i*..n^ie  averaging, 
as  for.T(,  •»  {,*,8.  The  values  are  related 

to  a standardized  score  or  : score  for  the  mean  of 
the  impacts,  in  terms  of  a probability  cistribution 
with  zero  mean  and  unit  standard  deviation.  In  this 
treatment  we  have  neglected  the  uncertainty  in 
estimating  the  standard  deviation  of  the  mean  im- 
pact; tnis  uncertainty  would  be  taken  into  account 
in  the  careful  application  of  a Student' s i test  to  '.he 
confidence  limits  of  the  mean.  .At  this  point  suffice  it 
to  say  that  for  a number  of  degrees  of  freedom  v.  or 
sample  size  .V.  ^ = ,v  - | = lO.  the  i distribution  is 
practically  undistinguishable  from  a standardized 
normal  distribution;  the  remark  is  valid  a fortiori 
if  we  are  willing  to  grant  that  verification  results 
over  Europe  are  independent  of  those  over  North 
America,  and  hence  v » .V  - 1 » 2>. 

.After  these  .'•emarks.  we  shall  limit  ourselves  to 
stating  that  we  have  ver.’  little  confidence  in  the 
results  of  a given  e.\periment ; f ' | « O.J.  reason- 
able confidence  if  O.J  < i,',  < -■  and  very  high 
confidence  if  2 < . The  values  O.J.  1 and  2 of  : 

» I,  correspond  to  tht  following  value;,  of  the 
cumulative  distribution  function  F(  z)  of  a normal 
distribution  with  zero  mean  and  with  standard  de- 
viation unity: 

F(0.Ji  = 0.69.  fil)-0.84.  f(2)  - 0.98. 

In  the  following,  j,  will  be  referred  to  as  for 
notational  convenience. 

This  completes  the  description  of  the  procedure 
for  summarizing  the  S ..  and  rms  results  of  our  fore- 
cast e.xpcnmcnts. 

2)  The  vltom.^ted  forecasting  method  <afmi 

The  practical  usefulness  of  NWP  depends  to  a 
large  e.xtent  on  itv  abiiitv  *o  produce  or  help  in  pro- 
Jucing  local  ^ eaiher  forecASts,  esrec;ail>  precipita- 
tion forecasts.  Vertical  mi  i cu  and  ’•eta:.'  e r.um;dit> 
play  a crucial  o;c  .n  c'r.  occ.  t'crcc.tsis  '_n- 


fortunately,  the  large-scale  fields  of  these  quantities 
are  not  predicted  with  sufficient  accuracy  by 
current  NWP  models. 

Quasi-geostrophic  theory  provides  a way  of  com- 
puting the  vertical  motion  field  with  satisfactory 
accuracy  from  a knowledge  of  the  three-dimensional 
geopotential  field,  using  the  w equation.  This  equa- 
tion, together  with  the  geopcur,;ial  tendency  equa- 
tion, are  the  classical  tools  for  the  diagnostic  analysis 
of  synoptic-scale  midlatitude  disturbances  (e.g., 
Holton,  1972,  Chap,  7). 

The  basic  idea  of  the  AFM  is  to  apply  these  tools 
to  the  diagnostic  analysis  of  the  numerical  model's 
forecast  fields.  The  geopotential  field  and  the  wind 
field  are  among  the  firlds  most  accurately  predicted 
by  the  NWP  model:  the  latter  also  yields  realistic 
estimates  of  actual  vorticity.  Hence  one  can  expect 
more  accurate  estimates  of  vertical  motion  from 
this  procedure  than  those  provided  directly  by  the 
model.  Such  a procedure  also  conforms  to  subjective 
forecasting  practices  which  are  widely  used  in  local 
weather  prediction. 

The  development  of  the  Automated  Forecasting 
Method  is  an  atter.,pt  to  quantify  the  usefulness 
of  large-scale  numt  ical  forecasts  in  local  weather 
forecasting.  The  AFM  was  designed  to  simulate 
the  subjective  interpretation  of  a set  of  prognostic 
chans  under  the  restrictive  condition  'hat  no  modi- 
fication of  the  prognostic  flow  patteims.  as  fore- 
cast by  the  numerical  model,  can  take  place.  It  has 
two  main  advantages  for  objective  evaluation;  1) 
local  precipitation  forecasts  can  be  generated  and 
analyzed  for  a large  number  of  locations  in  a vciy 
shon  time,  and  2)  the  procedures  that  are  applied 
to  each  set  of  prognostics  will  be  uniform. 

The  major  quantities  forecast  by  the  AFM  arc 
precipitation  occurrence,  type  cf  precipitation  and 
24  h surface  temperature  change.  We  shall  restret 
ou'selves  here  to  a description  of  the  AFM  pre- 
cipitation scheme,  which  was  actually  used  in  evalu- 
ating results  from  some  of  the  DST-6  experimeni,-. 
carried  out. 

The  first  step  in  the  method  is  to  compute  several 
forecast  parameters  needed  for  every  location  at 
which  a local  forecast  is  to  be  made.  The  forecast 
parameten  used  by  'he  method  are  absolute 
vorticity  advection  (V.A)  at  J(X)  mb.  temperature 
advection  (T.A)  at  8J0  mb.  advection  of  the  1000- 
JOO  mb  thickness  (TH.A).  moisture  advection  iM.A) 
at  8J0  mb,  dew-point  depres«'on  (DD)  at  8J0  mb. 
wind  direction  (WDi  computed  geostrophically  at 
sea  level,  vertical  wind  shear  iVWS)  from  sea 
level  to  8J0  mb  and  from  8J0  to  ”00  mb.  and  8J0  mb 
temperature  iT8J0).,This  list  includes  most  of  the 
quantities  used  by  operational  forecasters  to  pre- 
dict areas  of  large-scale  "recipitaticn  i Houghton 
and  I.-vine.  For  ..-istance.  vorucity  advec- 

tion JOC  .T.b  Is  a rea.'onable  approximatior  'o 
:he  w.ffere'it’al  'oricu',  auvectior.  ;erm  t :^.e 
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a»  equation,  since  vorticity  advection  at  ihe  surface 
is  very  small. 

Local  quantities,  such  as  T8S0,  are  computed  by 
linear  interpolation  from  the  corresponding  grid 
point  quantities.  Advection  of  a quantity  Q is  defined 
as  (V • V)g.  where  V is  the  horizontal  velocity  vector 
in  pressure  coordinates  and  V the  corresponding 
horirontal  gradient  operator. 

The  numerical  calculations  involved  in  computing 
(V  V)Q,  such  as  averaging  and  differencing,  were 
all  based  on  the  four  grid  points  adjacent  to  the  de- 
sired location;  since  absolute  vorticity  tj  is  not  com- 
puted directly  by  tl  e model,  12  points,  rather  than  4, 
were  used  in  the  calculations  for  (V  V)7j.  The  use 
of  actual  wind  and  actual  vorticity  in  this  term, 
rather  than  of  their  geostrophic  values,  was  deemed 
more  compatible  with  the  PE  model;  it  should  lead 
to  better  estimates  of  vertical  motion  even  within 
the  framework  of  applying  quasi-geostrophic  rela- 
tionships to  the  diagnosis  of  the  model  forecast 
results. 

The  next  step  is  to  determine  whether  there  is 
sufficient  moisture  at  ihe  given  location  for  precipita- 
tion to  occur  there.  If  this  criterion  is  met,  the 
vorticity  advection  field  is  tested.  Positive  vorticity 
advection  (PVA)  is  an  indicator  of  upward  vertical 
motion,  whereas  negative  vorticity  advection  (NVA) 
is  an  indicator  of  downward  vertical  motion. 
Generally,  strong  PVA  in  the  presence  of  sufficient 
moisture  will  result  in  precipitation.  The  effects  of 
thermal  advection , "e  coupled  with  those  of  vorticity 
advection  in  the  u <.  ^nation  and  strong  cold  advec- 
tion can  negate  the  effect  of  PVA,  whereas  warm 
advection  v/ill  enhance  it.  The  manner  in  which  the 
AFM  combines  these  quantities  is  illustrated  in  the 
.Appendix  (Fig.  Al). 

Once  the  above  precipitation  calculation  is  com- 
pleted, two  additional  tests  for  precipitation  are 
performed.  These  include  a test  for  cold  frontal 
precipitation  (Fig.  ,A2),  and  a gross  check  for  the  po- 
tenti^  for  showers  (Fig.  A3).  Finally,  a test  for  the 
type  of  precipitation  is  made  as  illustrated  in  Fig. 
A4.  A sample  of  the  AFM’s  output  is  presented  in 
Fig.  A5. 

The  AFM  cannot  perform  pattern  recognition  in 
the  same  manner  as  a human  forecaster.  It  does 
take  into  account,  however,  most  patterns  in  terms 
of  the  computed  advection  of  certain  quantities;  this 
process  is  somewhat  analogous  to  that  graphic 
differentiation  of  the  relevant  prognostic  *•  'Js. 

Prior  to  its  application  to  the  e*^^  aluation  'ellite 
data  impact,  the  AFM  was  tested  frot  ’ :*  ) :tand- 
points;  its  accuracy  when  applied  to  a perfect 
prognosis,  i.e..  to  an  analysis,  and  its  agreement 
with  subjective  forecasts. 

Comparisons  with  observed  precipitation  events 
were  made  for  the  month  of  February  1976.  making 
precipitation  forecasts  twice  a day  at  11  cities,  i.e.. 


2 X 29  X 1 1 * 638  forecasts  in  all,  from  the  NMC 
analysis  valid  at  the  corresponding  synoptic  time. 
The  statistics  verified  were  1)  relative  frequency  of 
correctly  forecasting  whether  or  not  precipitation 
would  occur,  2)  post-agreement . i.e.,  the  reladve 
frequency  of  cases  in  which  precipitation  actually 
occurred  when  forecast  by  the  AFM,  and  3)  pre- 
figurance,  i.e.,  the  relative  frequency  of  cases  in 
which  an  observed  precipitation  event  was  fore- 
cast by  the  AFM.  Post-agreement  can  be  defined 
as  (area  correct)/(area  forecast)  and  prefigurance 
as  (area  correctV(area  observed)  (Tracton  and  Stack- 
pole;  in  Murphy  and  Williamson,  1976,  p.  736). 
Clearly,  a precipitation  event  is  labeled  “correct” 
in  this  context  if  it  is  both  forecast  and  observed. 
For  the  638  cases  tested,  the  AFM  had  a 76%  veri- 
fication in  prefigurance.  as  well  as  in  post-agree- 
ment, and  a 93%  verification  in  forecasting  both 
positive  and  negative  precipitation  events;  the  latter 
score  is  obviously  higher  since  absence  of  precipita- 
tion is  more  often  forecast  correctly. 

The  agreement  with  subjective  precipitation  fore- 
casts was  tested  for  pan  of  the  same  period,  using 
ten  72  h numerical  forecasts  and  three  forecasters 
working  independently.  The  numerical  prognostic 
fields  from  the  10  forecasts  were  used  to  make 
precipitation  forecasts  at  five  cities  every  12  h,  i.e., 
5 X 10  X 6 = 300  forecasts.  The  agreement  between 
the  AFM  and  the  subjective  forecasts  was  94%  on 
the  average,  for  all  tnree  forecasters;  it  was  com- 
parable to  the  agreement  between  one  forecaster 
and  another.  We  concluded  from  these  tests  that  the 
AFM  was  quite  comparable  in  performance  to  the 
average  skilled  weather  forecaster,  and  decided  to 
use  it  in  evaluating  the  numerical  forecasts  made  in 
our  DST-6  experiments. 

Further  details  on  the  .AFM  can  be  found  in  Atlas 
and  Sakai  (1978)  and  in  the  Appendix. 

3.  Description  of  experiments 

The  purpose  of  our  experiments  was  to  study  the 
effect  of  satellite  data  on  the  accuracy  of  initial  states 
obtained  with  the  aid  of  such  data,  and  on  the 
accuracy  of  forecasts  starting  from  these  initial 
states.  Specifically,  we  studied  the  effect  of  the 
quantity  and  accuracy  of  the  satellite  data  them- 
selves. on  the  one  hand,  and  of  the  assimilation 
methods  used  t'  extract  the  information  from  the 
data,  on  the  othci 

.All  the  experiments  consisted  of  a continuous 
assimilation  run,  ex'ending  over  the  entire  period 
for  which  data  were  available,  and  of  a number  of 
forecasts  started  from  selected  initial  states  pro- 
duced by  the  assimilation  run.  The  experiments 
differed  from  each  other  by  the  sounding  data  which 
were  assimilated,  and  by  the  method  which  was 
used  to  carry  out  the  assimilation.  The  assimila- 
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tion  methods  used  for  the  satellite  data  were  time- 
continuous  direct  insertion  (DIM),  asynoptic  suc- 
cessive correction  (SCM)  and  time-continuous  local 
statistical  assimilation  (SAM);  in  aadttion,  an  experi- 
ment with  intermittent  insertion  at  synoptic  times 
only  was  also  performed. 

a.  The  data 

The  methods  were  applied  to  data  from  the  DST-6 
(January -March  1976)  period.  complete  assimila- 
tion cycle  was  carried  out  for  all  experiments 
from  00(X)  GMT  29  January  to  0300  GMT  2 1 
February  1976;  for  some  of  the  experiments,  the 
assimilation  was  continued  to  the  end  of  the  DST 
period,  i.e..  to  0300  GMT  4 March  1976.  Eleven 
forecasts  were  carried  out  for  all  experiments. 

starting  at  0300  GMT  on  1. 3. 5 21  February; 

for  the  extended  experiments,  six  additional  fore- 
casts were  performed,  starting  on  23.  25,  27  and  29 
February,  and  on  2 and  4 March.  The  reason  for 
starting  the  forecasts  on  0300  GMT  and  not  at  0(XX) 
GMT  was  to  achieve  as  close  a parallel  as  possible 
with  current  operational  practice  at  the  National 
Meteorological  Center  (NMC)  because  NMC  uses 
intermittent  assimilation  with  a ±3  h “window”  for 
satellite  data.  Thus,  an  operational  NMC  forecast 
started  at  0000  GMT  uses  all  asynoptic  information 
up  to  0300  GMT;  so  do  our  experimental  runs 
started  at  0300  GMT  as  we  rely  on  time-continuous 
assimilation.  Starting  3 h after  the  insertion  of  syn- 
optic data  also  has  the  effect  of  letting  the  model 
smooth  out  the  initialization  shock  occurring  at 
synoptic  time  (sec  Section  2;  also  Ghil,  1975,  and 
Ghil  era/..  1977a). 

The  temperature  sounding  data  were  supplied  by  the 
National  Environmental  Satellite  Service  (NESS). 
They  had  been  obtained  by  operational  retrieval  meth- 
ods (Smith  and  WoolC  1976;  Werbowetzki.  197.^  from 
the  radiance  measurements  performed  during  DST-6 
by  the  VTPR  instrument  aboard  the  NOAA  4 
satellite  and  by  the  HIRS  and  SC.AMS  instruments 
aboard  Nimbus  6.  Different  retrieval  methods  have 
been  under  development  at  the  Goddard  Space 
Flight  Center  as  well  (Susskind  and  Edelmann, 
1978).  but  their  results  will  not  be  discussed  here. 

The  correlation  parameters  in  and  c of  Section  2 
(Eqs.  (4)  and  (5)]  were  computed  separately  for  data 
from  the  two  satellites,  and  '''r  the  two  paits  of  the 
DST -6  period  we  considered . 30  January  - 20  February 
and  2l  February  4 March  Then  their  values  were 
also  computed  for  the  data  from  both  satellites  and 
from  the  entire  period.  The  value  of  i„  for  data  ob- 
tained with  the  VTPR  mst.njment  is  almost  twice  as 
large  as  that  for  the  HIRS  instrument  '2940  k.m  vs 
1781  km.  for  data  from  the  entire  period'  But  values 
for  data  from  either  satellite  differ  only  -.  er-,  slightly 
from  one  part  ot  the  per'od  'o  the  o'her  e g.. 


from  1853  km  in  the  fint  part  to  1686  km  in  the 
second  part  for  Nimbus  6.  The  values  of  io  ^ 
actually  used  in  the  experiments  are  given  in  Table  1 . 

The  sounding  data  from  the  first  and  second  part 
of  the  DST-6  period  do  differ,  however,  in  other 
respects.  This  is  due  to  a change  in  the  observa- 
tional properties  of  the  VTPR  instrument  aboard 
NOAA  4 during  the  period  (H.  Bowman,  private 
communication).  Also  some  aspects  of  the  opera- 
tional processing  of  Nimbus  6 data  by  NESS  were 
changed  (C.  M.  Hayden,  personal  communication). 

The  convention^  data  and  experimental  data 
other  than  temperature  soundings  were  provided  by 
NMC.  in  accordance  with  the  data  formats  de- 
scribed in  Automation  Division  Staff  ( 1973).  The  data 
categories  used  were  surface  reports  from  land  and 
ocean  stations,  including  fixed  and  moving  ships; 
upper  air  reports  from  land  and  ocean  stations,  as 
for  surface  reports,  and  in  addition  from  conventional 
and  special  aircraft,  from  the  Tropical  Wind  Energy 
Conversion  Reference  Level  Experiment  (TWERLE), 
and  cloud-track  winds  obtained  by  NF.SS  from  the 
Synchronous  Meteorological  Satellite  (SMS).  Data 
categories  not  used  were  those  from  reconaissance 
aircraft,  manual  monitoring  bogus  data  produced  by 
NMC  based  on  cloud  pictures,  and  satellite  winds 
obtained  from  SMS  by  the  Space  Science  and 
Engineering  Center  at  the  University  of  Wisconsin, 
using  cloud-picture  processing  procedures  differ- 
ent from  those  of  NESS. 

Surface  data  used  were  all  those  within  3 h of 
synoptic  times  (from  2100  to  0300  GMT  a.id  from 
0900  to  1500  GMT).  The  upper  air  data  used  were 
also  restricted  to  these  two  6 h “windows",  and 
furthermore  to  latitudes  lower  than  85°  in  both  hemi- 
spheres. All  these  data  were  assimilated  at  the  syn- 
optic times  by  direct  insenion  .DIM). 

b.  The  methods 

A summary  of  the  experiments  is  given  in  Table  1 . 
The  null  experiment,  in  which  only  synoptic  data 
and  no  sounding  temperatures  were  inserted,  is  de- 
noted by  NOSAT.  It  was  performed  at  the  beginning 
of  this  study  (Experiment  NO).  Because  of  difficulties 
in  the  maintenance  of  a data  base  and  of  a program 
having  the  size  involved  in  these  experiments,  the 
null  experiment  was  repeated  at  the  end  of  the  test- 
ing penod  reponed  on  in  Halem  et  ii/  ( I9“8i;  this 
rerun  of  the  NOSAT  case  is  E.xpenment  NOr. 

Experiment  CNc  was  set  up  as  a control  experi- 
ment to  check  the  information  content  ot  statcilite 
data;  it  should  show  whether  the  smoothing  effect 
of  SCM  or  S.A.M  on  the  field  values  produced  bv 
assimilation  runs  has  an  impact  comparable  'o  that  of 
systematic  differeners  between  obser. atior.s  ,ind 
forecasts  ir  not  In  this  experiment  the  temre'  - 
;ure  "iata  used  as  ” ebser' atiens  ' '-verc 
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Tasle  I.  Surnmao  descripdon  of  impact  experiments.  The  use 
of  data  from  the  VPTR  instrument  on  board  the  NO.A.A  4 satellite 
is  denoted  bv  VPTR,  the  use  of  data  from  the  HIRS  and 
SCAMS  instruments  on  board  the  Nimbus  6 satellite  by  NIMB. 
The  method  b>  which  the  dau  have  been  assimilated  is  indicated 
by  the  acronyms  DI.M.  SC.M  or  SAM.  The  expenments  in 
which  only  conventional  synoptic  data,  and  no  satellite  data  at  all 
were  used  appears  as  NOS  AT  The  first  character  of  the  code 
number  is  a capital  letter  and  refers  to  the  method.  DIM  - D. 
SCM  ■ C and  SA.M  » S.  the  second  character  refers  to  data 
source  \TPR  - V.  MMB  - N and  VTPR  -r  NIMB  - : (for 
2S.AT);  t.he  third  character,  a lower  case  Latin  or  Greek  letter, 
refers  to  slight  vanations  m the  method.  .Additional  explanations 
concerning  the  methods  a.-e  given  in  'he  text 
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values  produced  from  a NO  (see  Table  1)  1?  h fore- 
cast. to  which  simulated  observed-mmus-forecast 
difTcrenccs  had  been  added  These  simulated  differ- 
ences were  computed  at  the  true  Nimbus  6 observa- 
tion locations,  by  using  a random-number  generator 
function  with  statistical  propemes  determined  from 
actual  data. 

The  question  of  the  relative  reliability  of  satellite 
observations  versus  that  of  forecast  values  was 
specifically  addressed  in  Experiments  S2fi  and  S2v. 
Given  the  values  of  the  temperature  corrections 
5.  as  computeo  in  Section  2 [Eqs.  (8)-(I2)].  the  cor- 
rected values  1 i of  temperature  at  grid  point  I can 
be  expressed  as 

r.f  = 7T  - ( 16a) 

In  all  other  SAM  expenments  ^ » 1 . In  these  two 
expenments. 

= <Tf'(crr  -V  (16b) 

which  corresponds  to  a weighting  of  forecast  and 
observation  values  m accordance  with  .a  statisti- 


cally measured  confidence  in  these  values.  The 
variances  it,  and  <t„  were  computed  separately  for 
12  latitude  bands  and  for  11  mandatory  pressure 
levels,  using  colocated  radiosonde  measurements 
for  the  “true  ' value  of  the  temperature  field.  In  re- 
gions w here  a sufficient  number  of  values  were  lack- 
ing for  a reliable  estimate  of  variance  to  be  made, 
cenain  default  options  were  introduced.  One  such 
default  option  was  to  use  tr„  computed  for  a larger 
region,  in  w hich  sufficiently  many  observations  were 
available,  and  which  included  the  given  region. 

The  difference  between  Experiments  S2m  and  S2i- 
is  in  the  way  in  which  the  presence  within  one  up- 
dating interval  of  temperature  retrievals  from  both 
satellites.  NO.A.A  4 and  Nimbus  6.  is  accounted  for. 
The  variances  <r.,  are  computed  separately  for  either 
satellite.  In  Experiment  S2m.  m for  a “mixed  patch  ' 
was  computed  as  a weighted  average  of  the  m values 
for  the  two  satellites.  In  Experiment  S2v.  a weighted 
average  of  u.,  for  the  two  satellites  was  computed  in 
a "mixed  patch"  and  computed  from  (16)  with 
this  averaged  value  of  <7„. 

The  time-continuous  approach  to  4D  assimilation 
of  temperature  sounding  data  was  used  in  all  the 
experiments  desenbed  heretofore.  In  order  to  verify 
the  validity  of  this  approach.  Experiment  C2i  was 
carried  out.  In  it.  the  sounding  data,  as  well  as  ail 
the  other  data,  were  inserted  intermittently  at  syn- 
optic times;  a successive  correction  method  was 
used  for  both  conventional  and  sounding  data.  The 
sounding  data  were  grouped  in  12  h windows  and 
weighted  according  to  their  spatial  distance  and  time 
separation  from  radiosonde  observations,  receiv  ig 
less  weight  when  close  to  the  latte,  and  more  when 
far  from  them.  A detailed  report  describing  variance 
data  for  Experiments  S2/x  and  S2v.  and  the  weighting 
procedure  for  Experiment  C2i  is  in  preparation; 
the  temporal  weight  factor  used  is  similar  to  the  one 
in  Ghil  and  Dilling  (1978,  p.  3.7). 

The  SCM  experiments  C2i  and  C2t  used  the  scan- 
ning radii  and  computation  of  weights  described  in 
Section  2.  the  weights  in  these  two  expenments  can 
be  considered  close  to  optimal,  due  to  adequate 
tuning.  In  the  other  SCM  experiments,  CN.  CN/  and 
C2,  an  error  i".  the  programming  for  Eq.  (3)  led 
to  weights  which  were  found  to  be  still  .-easonable. 
but  far  from  optimal.  The  difference  in  results 
between  C2  and  C2t  will  be  discussed  in  Section  4. 

Our  timing  estimates  for  the  different  assimila- 
tion methods  show  that  the  computational  cost  of 
implementing  more  sophisticated  assimilation 
methods  is  not  exaggerated.  For  example,  a 24  h 
forecast  takes  40  min  of  CPU  time;  a 24  h NOSAT 
assimilation  runs  in  48  mm;  a 24  h time-continuous 
SCM  assimilation  runs  in  59  mm:  and  a 24  h S.A.M 
runs  in  % min  {cf.  Ghil  and  Dilling  ( 1978),  where  de- 
tails are  provided).  These  estimates  all  refer  to  the 
present  version  of  the  GL.AS  GCM  running  on  an 
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Amdahl  470/V6  computer  with  a core  memory  of  2 
megabytes.  In  fact,  the  computational  cost  of  SAM 
can  be  considerably  reduced  by  using  more  efficient 
numerical  methods  and  programming  techniques. 


4.  Discussion  '>f  results 

The  experiments  described  in  Section  3 will  now 
be  discussed  according  to  the  criteria  of  Section  2b. 

a.  Initial  state  differences 

In  the  present  context,  the  utilization  of  satellite 
data  only  affects  the  forecasts  as  a result  of  differ- 
ences between  the  initial  states  computed  with  (S.\T) 
and  without  (NOSAT)  the  aid  of  these  data.  Differ- 
ent initial  states  lead  then  to  different  forecasts. 
Therefore,  we  s»art  by  considering  the  differences 
in  initial  states  produced  bv  the  use  of  satellite  data. 
Initial  state  differences  are  presented  between  E.x- 
periment  S2a  and  the  NOS  AT  Experiment  NO.  We 
recall  that  in  Experiment  S2a  data  from  both  the 
NOAA  4 and  Nimbus  6 satellites  were  assimilated 
by  SAM;  S2a  is  taken  as  representative  of  all  the 
SAM  e-xperiments  using  data  from  both  satellites 
I see  also  Section  4b  below'. 

Figs.  3a  and  3b  show  the  500  mb  geopotential 
height  difference  fields  for  the  two  assimilation 
cycles,  one  including  ai>  the  sounding  data  from 
both  saicilites  (called  2S.AT1  and  the  other  with- 
holding all  sateiiite  soundings  (called  NOS.ATT  The 
difference  fields  are  given  at  the  initial  time  of  each 
one  of  the  forecasts  which  were  carried  out  for 
every  experiment.  A look  at  the  fields  indicates 
that  large  %ariations  occur  in  the  magnitude  of 
initial  state  differences  from  one  day  to  another. 

The  magnitudes  of  the  differences  vary  as  a re- 
sult of  variations  in  data  coverage  and  quality, 
as  well  as  of  the  natural  vanability  of  the  atmos- 
phere. It  is  clear  from  the  difference  plots  that  day 
after  day.  differences  of  the  order  of  30-120  m are 
produced  in  data-sparse  regions  of  both  the  Pacific 
and  Atlantic  Ocean'  Geopotential  height  differences 
of  this  magnitude  correspond  to  1.5-6^C  tempera- 
ture differences  in  the  1000-  500  mb  thickness.  The 
variations  are  of  both  signs,  although  there  seems 
to  be  a systematic  tendency  for  warmer  tempera- 
tures in  the  SAT  cycle  over  most  of  this  assimilation 
test. 

Superimposing  the  satellite  tracks  (Fig.  4t  on  the 
difference  charts,  we  notice  that  the  largest  differ- 
ences occur  mainly  in  the  data-sparse  areas  -dong 
the  tracks  where  sounding  data  have  been  in- 
serted recently,  i.e..  in  the  6 h preceding  synoptic 
time.  It  was  also  observed  that  in  cases  where  the 
initial  state  differences  are  smaller,  the  forecast  im- 
pact in  terms  uf  S.  skill  scores  and  rms  errors  is 
generally  also  smaller.  We  intend  to  substantiate 


these  qualitative  observations  by  further  quantita- 
tive studies. 

We  ptesent  in  addition  initial  state  differences  be- 
tween the  2SAT  SCM  Experiment  C2t  and  NO.  for 
comparison  purposes  (Fig.  5).  It  is  clear  that,  day  by 
day.  the  differences  tend  to  be  somewhat  smaller 
than  those  between  S2a  and  NO.  This  is  probably 
due  to  the  difference  between  the  methods.  The 
warm  bias  is  still  apparent  and  would  thus  seem  to 
be  due  to  the  data  themselves,  rather  than  to  the 
method. 

From  the  nature  of  the  initial  state  differences, 
one  cannot  say  a priori  whether  the  utilization  of 
satellite  data  in  a given  case  would  produce  bene- 
ficial impacts.  It  seems  reasonable  to  assert  at  this 
point,  however,  that  the  magnitude  of  these  differ- 
ences. in  the  case  of  SAM  and  of  correctly  tuned 
SCM  assimilation,  is  sufficiently  large  so  that  one 
would  expect  them  to  pr''  2uce  a certain  number  of 
Significantly  distinct  forecasts. 

b.  S'umerical  evaluation  of  forecast  differences 

Numerical  measures  of  forecast  accuracy  for  our 
experiments  are  summarized  in  Table  3.  Before 
discussing  these  results,  it  is  important  to  remember 
that  Experiment  CNc  is  a control  experiment,  as 
desenbed  in  Section  3.  and  that  all  the  results  have 
to  be  gauged  against  those  of  Experimer.*  CNc, 
The  mean  pcrcentual  impacts  for  CNc  were  0,97 
in  5i  scores  and  1.51  in  rms  errors;  the  statistical 
significance  was  marginal,  i.e.,  clvse  to  I for  both 
5,  and  rms  results. 

1)  Impact  of  d.xt\ 

The  influence  of  dat?  quantity  can  be  assessed 
by  comparing  the  result  experiments  using  the 
same  assimilation  meihi  - ch  a series  of  experi- 
ments is  SV,  SNa  and  i.  ;.  in  which  SAM  was 
used  to  assimilate  data  from  the  NO.AA  4 satellite 
only  (SV'i,  from  the  Nimbus  b satellite  only  iSNa), 
and  combined  data  from  both  satellites  (S2.  S2a 
and  S2b),  The  S.AM  experiments  S2.  S2a  and  S2b 
gave  very  similar  results  (see  discussion  further 
below)  and  these  were  averaged  into  results  repre- 
sentative of  all  three,  denoted  by  S2m. 

The  sequence  of  Sj  mean  percentual  impacts  is 
* 120.  » 3.11.  .tsirn  = 4.66.  These  are 

roughly  proportional  to  the  quantity  of  satellite  data 
used  in  each  experiment,  and  .t,v  - A 

similar  statement  holds  for  rms  mean  percentual 
imp.icts.  The  statistical  significance  for  all  these  re- 
sults was  high,  w'th  the  exception  of  SV,  where  it 
was  marginal. 

A pair  of  comparable  SCM  experiments  are  CN 

- C2.  with  Nimbus  6 data  and  data  from  both  satel- 
lites. respectively.  The  results  for  (his  pair  are  not 
quite  conclusive.  The  impacts  are  = 1.S3 
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and  tcj  * 2.75,  i.e.,  a 50%  improvement  in  mean 
percentual  impact.  However,  rms  results  ere  not 
entirely  consistent  with  5,  results. 

In  any  case,  we  are  led  to  conclude  that  inde- 
pendent of  assimilation  method,  the  quantity  of 
satellite  data  used  affects  the  numerical  measures 
of  impact  on  forecasting  accuracy.  The  impact 
seems  to  increase  with  data  quantity;  this  increase  is 
even  more  pronounced  when  the  satellite  data  are 
assimilated  by  a method  which  explicitly  takes  into 
account  their  error  structure  (SAMI. 

The  results  discussed  above,  and  all  the  results  in 
Table  3,  refer  to  forecasts  from  the  first  part  of  the 


Fig  4 Saiellite  tracks  for  the  temperature  sounding  data 
assimilated  from  1800  GMT  31  January  until  0000  GMT  I 
February  1976  The  locations  at  which  VTPR  retnevaJs  were  ob- 
tained are  marked  by  a V.  ihe  locations  at  which  reinevals 
from  the  Nimbus  6 instruments  were  obtained  are  marked  by  N la) 
The  Nimbus  6 tracks  during  the  6 h presynoptic  window;  ib) 
the  NO.AA  4 tracks  during  the  same  penod;  ic)  the  combined 
tracks  of  both  satellites  for  the  period. 


DST-6  period.  1-21  February  1976.  Experiments 
NO,  NOr,  S2a.  S2ii  and  S2i<  were  extended  to  the 
end  of  the  DST  period.  4 March  1976.  The  results 
of  the  extended  SAM  experiments.  S2a.  SZfj.  and 
S2i'  are  given  in  Table  4.  The  correlation  parameters 
used  for  the  second  part  were  the  same  as  for  the 
first  part  (see  Table  1). 

In  Table  4 a comparison  is  made  between  results 
for  the  first  part  of  the  penod.  the  second  part 
and  the  entiie  period.  It  is  clear  that  the  results  for 
the  second  part  are  considerably  worse  than  for  the 
first  part.  We  believe  that  this  is  due  to  the  changes 
in  data  acquisition  and  processing  procedures,  and 
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not  to  the  change  in  the  statistical  error  structure, 
which  was  small  (cf.  Section  3). 

The  deterioration  of  results  during  the  second  part 
of  DST-6  seems  to  stress  the  importance  of  data 
quality,  as  well  as  data  quantity.  A method,  even 
though  it  takes  into  account  e.xplicitly  error  struc- 
ture (S2a.  S2/U.  and  521-).  cannot  entirely  compensate 
for  presence  of  error  in  the  data. 

2)  Impact  of  methods 

The  methods  used  for  assimilation  can  be  classified 
as  intermittent,  for  experiment  C2i.  and  time- 
continuous.  for  all  the  other  experiments.  Among  the 
time-continuous  experiments  the  distinctions  are 
given  by  the  way  interpolation  coefficients  are 
computed  (Section  2a);  the  main  differences  are 
between  direct  insertion  (DIM),  asymptotic  succes- 
sive corrections  (SCM)  and  local  statistical  assimila- 
tion (SAM).  Within  each  method,  further  differences 
arise  and  will  be  discussed. 

Experiment  C2i.  based  on  intermittent  assimila- 
tion. is  in  all  other  respects  closely  comparable 
to  the  time-continuous  SCM  experiment  C2t;  it 
uses  data  from  both  satellites  and  properly  tuned 
weighting  coefficients.  For  5,  scores,  the  mean 
percentual  impacts  were  » 2.79  and  .re*  ■ 5.01. 
The  corresponding  numbers  for  rms  errors  are 
.rejt  » 3.28  and  .re*  * 9.31.  an  even  larger  increase 
of  impact  due  to  the  time-continuous  approach. 
Statistical  significance  of  ail  these  results  was  good, 
i.e..  larger  than  1.33  for  C2i  and  larger  than  2.10 
for  C2t. 

The  results  of  such  a comparison  depend  on  the 
length  of  the  updating  interval  r:  clearly,  r,  » Ar 
* 10  min  for  C2t  and  r,  = 12  h for  C2i  are  extreme. 
It  is  possible  that  an  optimal  interval  ro  lies  in  be- 
tween. r,  < To  < r.  (e.g..  Morel  and  Talagrand. 
1974).  If  so.  It  would  seem  that  it  might  be  closer  to 
r,  than  to  rj.  e.g..  = 3 h.  rather  than  the  sub- 

synoptic  interval  of  6 h presently  being  considered 
by  some  operational  groups.  Further  study  of  this 
question  is  warranted.  A theoretical  investigation 
.■dong  the  lines  of  estimation  theory  is  curren'ly 
being  undertaken  (M.  Ghil  and  J.  Tavantzis.  per- 
sonal communication). 

Of  the  experiments  with  time-continuous  as- 
similation. DN  gave  a practically  ml  impact:  .roo 
» 0.21  in  5,  score,  compared  to  .rese  ■ 0.97  for 
the  control.  The  statistical  significance  of  experi- 
ment DN  was  also  much  lower  than  the  threshold  of 
1;  this  threshold,  we  recall,  was  actually  attained 
by  CNc.  The  corresponding  result  for  CN.  which 
uses  the  same  data,  but  SCM  assimilation  rather 
than  DIM.  is  Vcv  * 1-83.  In  fact,  DN  gave  results 
similar  to  those  of  the  reproducibility  experiment 
NOr.  We  conclude  that  DIM  does  not  properly  use 
the  data,  since  the  same  data  (from  Nimbus  6) 


can  be  assimilated  to  give  a noticeable  impact  with  a 
better  method  (SCM). 

All  time-continuous  SCM  experiments  (CN.  CN/. 
C2  and  C2t)  gave  results  which  were  at  least  mar- 
ginally significant.  0.94  « i « 2.34.  for  b-oth  S, 
scores  and  rms  errors.  For  the  same  quantity  of 
data.  CN  / gave  better  results  than  CN.  since  it  took 
into  account  the  higher  accuracy  of  the  conventional 
data  available  over  land  areas.  Also  C2t  gave  im- 
pacts almost  twice  as  high  as  those  of  C2.  due  to 
better  tuning  of  interpolation  coefficients.  On  the 
whole,  the  use  of  SCM  gave  quite  satisfactory 
results,  esp<*cially  with  data  from  both  satellites 
and  with  properly  tuned  coefficients. 

The  effect  of  data  quantity  on  the  SAM  se- 
quence SV  through  S2b  was  already  discussed. 
For  the  same  data  quantity.  SNa  gave  results  which 
were  better  than  those  of  CN  and  comparable  to 
those  of  CN/. 

Experiments  S2.  S2a  and  S2b  gave  very  similar 
results.  This  shows  that  present  attempts  at  eliminat- 
ing the  effect  of  the  warm  bias  of  sounding  tempera- 
tures (S2a  and  S2b)  were  not  successful.  The 
arithmetic  average  of  the  results  for  these  three 
experiments  appears  in  Table  3 on  the  row  denoted 
S2m.  The  representative  results  S2m  for  a 2SAT 
SAM  experiment  are  approximately  twice  as  high  as 
those  for  C2,  and  practically  indistinguishable  from 
those  of  C2t. 

We  conclude  that  for  the  same  data,  the  assimila- 
tion method  can  make  all  the  difference  between 
obtaining  negligible  results  (DIM),  appreciable  re- 
sults (non-tuned  SCM)  or  very  good  results  (SAM 
or  tuned  SCM).  It  appears  that  both  C2t  and  S2m 
give  results  which  are  at  the  level  of  a 5*^  imp^'ove- 
ment  in  mean  impact  for  5,  scores  and  of  10^  in  rms 
errors.  It  is  known  that  bCM  corresponds  to  a SAM 
in  which  the  matrix  of  Section  2 is  diagonal  (Ruther- 
ford. 1972):  such  diagonal  approximations  of  banded 
matrices  can  at  times  yield  satisfactory  results. 

The  practical  advantage  of  SAM  is  essentially 
that  it  is  self-tuning.  SAM  can  also  be  more  easily 
generalized  to  three-dimensional  and  to  anisotropic 
formulations.  Such  generalization  is  also  conceiv- 
able for  SCM,  but  the  task  of  tuning  becomes 
much  more  arduous  than  in  an  isotropic,  two- 
dimensional  version.  Moreover,  synoptic  evaluation 
of  forecast  fields  for  C2t  and  S2a  (see  Section  4ci 
indicates  that  SAM  is  still  superior  to  SCM. 

Experiments  S2^  and  S2v,  which  were  similar  in 
all  other  respects  to  S2a,  addressed  the  question  of 
relative  accuracy  of  satellite  data  versus  forecast 
values.  Sounding  data  and  forecast  values  were 
weighted  in  accordance  with  their  computed  van- 
ance:  the  forecast  values  also  carry  ail  the  informa- 
tion from  the  other  types  of  data,  as  described  in 
Section  3.  The  outcome  of  these  expenments  was 
quite  comparable  to  that  of  the  other  2SAT  SAM 
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Taili  2.  S,  skill  score  impact  in  the  500  mb  height  field  verified  u 4S  h over  North  America.  The  columns  labeled  2/1-2/21 
contain  tfie  results  for  the  forecasts  started  at  0300  GMT  on  the  corresponding  days.  The  first  row  contains  the  actual  skill  score 
values  for  the  NOSAT  Experiment  NO:  the  other  rows  contain  the  impacts  determined  by  the  differencing  process  described  in  the 
text.  In  the  next  six  columns  an  overview  of  the  results  in  the  preceding  columns  appears.  The  procedure  for  deriving  this  overview 
is  also  described  in  the  text. 
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experiments,  S2.  S2a  and  S2b.  The  detailed  numeri- 
cal results  show  an  improvement  in  forecasts  at  12 
and  24  h over  the  latter,  since  the  initial  conflict  over 
data-dense  areas  between  sounding  information 
and  conventional  information  is  eliminated.  At 
later  times  synoptic  analysis  shows  that  the  impact 
of  the  sounding  temperatures  is  somewhat  di- 
minished. since  they  are  given  less  weight  than  in 
the  preceding  experiments. 

To  evaluate  the  potential  significance  for  NWP 


Taile  3.  Summtry  of  rtsults  for  the  numcricul 
measures  of  impact. 
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" S2m  gives  the  mean  resuits  for  expenments  S2.  S2a.  S2b. 


of  a S,  impact  and  a l(Kr  rms  impact,  the  results 
in  Table  5 are  shown.  In  the  table,  actual  .S,  and 
rms  values  are  jiven.  a*,  eraged  over  the  1 1 forecasts 
made  from  1 February  through  2!  February  1976. 
for  the  NOS/sT  experiment  NO.  verified  against 
the  NMC  operational  analysis.  Tlic  table  shows 
that  the  5,  skill  score  deterioration  between  48  and 
72  h is  about  I0-16‘/r;  the  corresponding  figure  for 
rms  erron  is  about  13-24‘T. 

We  conclude  that  for  the  CLAS  model  and  the 
given  time  of  the  year  (Northern  Hemisphere 
winter),  the  impact  of  the  available  temperature 
sounding  data  assimilated  by  the  best  methods  tested 
was  equivalent  to  an  extension  of  useful  numeri- 
cai  prediction  by  -8-16  h.  In  other  words,  a 60  h 
forecast  could  be  made  with  the  accuracy  of  today  's 
48  h forecast. 

It  appears  in  general  that  differences  in  initial 
states  correlate  reasonably  well  with  impact  on  fore- 
casts from  those  initial  states  (see  Section  4ai. 
Our  numerical  .measures  of  impact  also  seem  to 
correlate  positively  with  improvements  in  the  capa- 
bility of  predicting  local  weather  when  using  the 
large-scale  numerically  predicted  fields  for  guidanc: 
(see  Section  4d). 


c.  Synoptic  evaluation  of  forecast  differences 

It  is  considerably  more  difficult  to  carry  out  a sub- 
jective comparison  of  prognostic  fields  based  on  syn- 
optic criteria  than  to  compute  a numerical  measure 
of  the  difference  between  such  fields.  Therefore  we 
have  to  limit  ourselves  at  this  point  to  the  presenta- 
tion of  a comparison  of  the  results  for  the  2SAT 
Sam  e.xperimeiu  S2a  with  those  for  the  NOS.AT 
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Tails  4.  Summary  of  numerical  rciultt  for  <xpcriffl«iui  extended  to  the  entire  DST-6  penod. 
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experiment  NO.  In  this  and  the  next  subsection  we 
shall  again  refer  to  Experiment  S2a  simply  as  2SAT. 

The  synoptic  evaluation  of  forecasting  impact  for 
the  satellite  sounding  data  was  performed  by  com- 
paring the  prognostic  chans  generated  from  2SAT 
and  NOSAT  initial  conditions  with  each  other,  and 
with  the  corresponding  NMC  analyses  for  verifica- 
tion. Comparisons  were  made  every  12  h for  a 
variety  of  prognostic  fields.  The  results  of  our 
comparisons  for  the  sea-level  pressure  and  500  mb 
height  fields  venfied  over  Nonh  America  at  the 
end  of  each  72  h forecast  are  presented  in  Table  6. 

The  table  gives  the  consensus  of  three  experienced 


forecasters  in  their  subjective  assessment  of  the 
prognostic  chans.  During  this  phase  of  the  evalua- 
tion, the  forecasters  had  no  knowledge  of  which 
prognostic  chans  were  based  on  2SAT  initial 
conditions.  Following  Atkins  and  Jones  (1975), 
each  forecast  has  been  classified  according  to  the 
following  scale: 

A 2SAT  significantly  better  than  NOSAT 
B 2SAT  better  than  NOSAT 
C 2SAT  and  NOSAT  of  equal  quality 
D 2SAT  worse  than  NOSAT 
E 2SAT  significantly  worse  than  NOSAT. 


Table  3.  Numerical  meuures  of  iccuncy  for  the  NOSAT  expenmem  NO  over  the  period  I -2 1 February  1976.  The  first  column 
for  ea.'h  headinf  gives  the  corresponding  measure  of  accuracy  (5|  or  rms)  at  time  r:  the  next  column  gives  differences  occurring 
over  U h.  e.g.,  5,(r  12  h)  - 5,(r).  and  so  on:  the  third  column  gives  the  differences  occurring  from  24-48  h and  from  48-72  h. 

The  last  (boxed)  entry  gives  either  the  quantity  (5|(72  h)  - 5,(48  h)}>5,(72  h)  or  the  corresponding  rms  quantity 
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The  regions  of  verification  and  quantiues  venfied  are  defined  m the  text. 
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Taili  6.  Svnoptis  of  iutojtctiv*  MMttmom  of  forccuu  from 
Um  2SAT/SAM  Expcrimont  $2a  compwod  a|«inst  NO. 
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This  classification  system  is  designed  to  represent 
the  relative  utility  of  the  prognostic  charts  generated 
from  2SAT  and  NOS  AT  initial  conditions.  The 
term  significant  in  categories  A and  E implies  that 
msyor  prognostic  differences  have  occurred.  Cate- 
gories B and  D imply  that  there  has  been  only  a slight 
alteration  of  the  prognostic  pattern. 

From  the  table  it  can  be  seen  that  at  sea  level  none 
of  the  prognostic  charts  has  been  classified  as  A or 
E and  that  an  almost  equal  number  of  B and  D marks 
have  been  assigned.  Although  no  significant  impact 
has  occurred  at  this  atmospheric  level,  a tendency 
for  more  beneficial  than  negative  impacts  at  48.  60 
and  72  h is  evident. 

At  500  mb.  two  72  h prognostic  charts  have 
been  classified  as  A and  there  were  no  E marks. 
In  addition  more  than  three  times  as  many  B as  D 
marks  have  been  assigned.  Impacts  at  this  level  are 
most  consistently  beneficial  at  60  and  72  h. 

One  example  of  a beneficial  forecasting  impact 
over  North  America  is  presenreJ  in  Fig.  6.  Figs. 
6a  and  6b  depict  the  72  h ;nb  prognostic 
charts  from  19  February  1976  for  the  NOSaT  and 
the  2SAT  case,  respectively.  The  corresponding 
NMC  analysis  is  depicted  in  Fig.  6c.  A compari- 
son of  these  three  charts  reveals  that  the  NOSAT 
prognosis  is  noticeably  slow  in  its  movement  of  a 
trough  into  the  Midwest  of  the  United  States  and 
of  a ndge  off  the  East  Coa  .t.  Both  of  these  systems 
are  displaced  further  east  by  the  2SAT  prognosis, 
in  better  agreement  wtih  the  analysis.  A detailed 
synoptic  study  of  the  72  h prognostic  fields  over 
North  America  was  also  carried  out  for  the  fore- 
cast staned  on  0300  GMT  9 February  1976  i.Atlas 
and  Sakai.  19781.  It  showed  considerable  improve- 
ment in  the  steering  of  weather  systems  by  the 
2SAT  forecast. 


A preliminary  evaluation  of  C2t  prognostic  chans 
showed  a considerable  reduction  of  the  beneficial 
impact  due  to  satellite  data  for  the  forecast  from 
19  February  1976,  by  comparison  to  S2a.  A numbei 
of  other  positive  impacts  in  S2a  also  were  reduced 
subtly  in  C2t.  This  seems  to  suggest  that  the  use 
of  SAM  is  still  preferable  to  the  use  of  SCM,  even 
though  their  numerical  measures  of  forecast  ac- 
curacy were  quite  close. 

d.  Differences  in  local  precipitation  forecasts 

AFM  local  precipitation  forecasts  were  generated 
for  11  numerical  forecasts.  I February-21  February 
1976,  from  both  the  2SAT  and  the  NOSAT  prog- 
nostic fields.  They  were  generated  at  24,  48  and 
72  h after  initial  time  for  128  cities  uniformly  dis- 
tributed over  the  United  States.  Thus  a total  of  2 
X 3 X 11  X 128  - 8448  local  precipitation  fore- 
casts was  made  for  the  comparison  discussed  in 
the  sequel. 

Comparisons  of  city  precipitation  forecasts  for 
these  128  cities  are  presented  in  Table  7.  The  num- 
ber of  correct  precipitation  forecasts  for  the  2SAT 
and  NOSAT  systems  are  shown  only  for  those  sses 
in  which  the  two  system.s  gave  rise  to  different  fore- 
casts. The  systems  actually  differed  in  about  10%  of 
the  total  number  of  forecasts  and  the  results  given 
cover  the  cases  when  one  system  forecasts  a 
precipitation  event,  while  the  other  one  forecasts 
no  precipitation.  The  number  of  different  forecasts 
for  each  day  is  shown  for  all  the  128  cities  considered 
together  in  the  lower  horizontal  row.  At  24  and  h 
the  margin  of  superiority  of  the  2SAT  system  over 
NOSAT  was  12%  of  the  total  number  of  cases  for 
which  they  gave  a different  result.  At  72  h this 
margin  was  19%.  We  examine  in  the  upper  row  a 
separate  list  of  17  cities  in  the  Midwest,  selected 
because  they  are  less  influenced  by  coastal  effects, 
mountains  or  the  warmer  Gulf  convective  systems; 
the  AFM  has  difficulty  accounting  for  such  effects 
in  its  present  form.  In  the  case  of  these  cities  we  see  a 
margin  of  superiority  of  2SAi’  over  NOSAT  of 
better  than  2: 1 in  forecasting  for  24  and  72  h and  an 
even  larger  margin  for  -18  h. 

To  exhibit  the  correlation  between  umerical 
impact  measures  (Section  4b)  and  the  impact  on 
local  weather  forecasts  we  present  Tables  8 and  9. 
Table  8 gives  5,  skill  score  impacts  verified  at  72  h 
over  North  .America  for  each  forecast  separately 
and  Table  9 gives  the  corresponding  precipita- 
tion forecast  impacts.  In  both  tables  the  results 
are  given  for  the  control  experiment  CNc.  as  well 
as  for  S2a. 

We  observe  large  numerical  impacts  in  both  4 
andp, for  the  forecasts  from3. 9.  II  and  13  February; 
they  are  all  positive,  and  large  when  compared  to 
those  of  the  control  experiment  CNc.  The  precipita- 
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Fig.  6.  Synoptic  differences  between  numerical  predictions 
from  an  initial  state  containing  temperature  sounding  informa- 
tion and  from  one  not  containing  such  information.  The  case 
shown  is  the  72  h forecut  from  OJOO  GMT  19  February  1976 
for  the  2SaT  Eapenment  S2a  iFig.  6b)  and  the  NOSAT  Experi- 
ment NO  (Fig.  6a).  The  fields  shown  ere  the  500  mb  geopo- 
tential  height  ficMs  over  North  Amenc'..  ' >r  comparison. 
Fig.  6c  gives  the  operational  analysis  c ..sC  at  OOOO  GMT 
22  February  1976.  Clearly,  the  2SAT  forccut  is  closer  to  the 
analysis  than  the  NOSAT  forecut. 


tion  forecast  impacts  at  72  h are  large  when  com- 
pared to  the  NOSAT  experiment  for  9 and  11 
February , and  moderate  but  still  positive  for  3 and  b 
February.  A large  positive  impact  on  precipitation 
forecasts  also  occurs  on  19  February;  while  the 
numerical  measures  d<d  not  show  a strong  impact 
of  sounding  data  for  'h:s  large-scale  prognosis,  the 
synoptic  comparison  (Section  4c)  did  show  a signifi- 
cant improvement  in  the  2SAT  prognostic  fields. 


Txili  7.  Summuy  of  results  for  local  prccipiucion  forecuting 
m CUM  where  use  of  2SaT  (S2a)  and  NOSAT  iNO)  prognosuc 
fields  produced  different  forecuts.  "2SAT  better  " means  that 
the  AFM  produced  a correct  precipiution  forecut  from  2SAT 
prognoatic  fields,  and  an  incorrect  one  from  NOSAT  fields: 
"NOSAT  better"  means  the  opposite  was  the  cue. 
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Tasli  9.  D*fly  results  of  local  precipiuiion  forecasting  for 
cases  of  different  forecasts  being  produced  by  the  two  systems. 
The  tesuiu  refer  to  128  U.S.  cities  lad  are  verified  at  72  h. 


Due 
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CONTROL 
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1 
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3 
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2 
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7 
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6 
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7 

7 

4 

3 

1 

9 

17 

8 

1 

1 

11 

3 

0 

2 

0 

n 

3 

3 

3 

2 

13 

8 

16 

3 

10 

17 

3 

3 

0 

1 

19 

21 

3 

6 

3 

21 

b 

3 

1 

1 

Totals 

83 

.38 

28 

42 

the  average  in  both  the  prognostic  fields  and  the 
AFM  score:  this  reinforces  O'"-  confidence  in  the 
significance  of  the  positive  . ' for  S2a. 

From  these  comparisons  w tclude  that  there 
is  a need  for  much  more  study  of  the  interrela- 
tionship between  initial  state  differences  and  differ- 
ent forecast  impact  measures.  The  piehminary 
evidence  is  incomplete;  it  seems  to  point,  however, 
in  the  direction  of  positive  correlation  between  large 
impacts  on  initial-state  determination  in  data-sparse 
areas,  on  the  one  hand,  and  large  impacts  on  the 
different  quantities  measuring  the  accuracy  of  lore- 
casiS  at  dg  and  "'2  h over  data-rich  areas,  on  the  oth  tr. 

5.  Concluding  remarks 

Methods  were  developed  for  the  time-continuous 
assimilation  of  temperature  sounding  data;  direct 
insertion  (DIM),  asynoptic  successive  correction 
(SCM)  and  local  linear  regression  (SAM).  These 
methods  were  applied  to  DST-6  data  from  the  opera- 
tional and  experimental  temperature  sounders 
aboard  the  NOAA  4 and  Nimbus  6 satellites. 

.An  extensive  series  of  experiments  was  per- 
fv/cmed  in  which  the  satellite  data  were  assimilated 
to  produce  initial  states  for  numerical  forecasts. 
Fo.-  each  assimilation  experiment,  an  evenly  spaced 
sequenc-  of  initial  states  was  selected,  from  which  3 
day  forecasts  were  carried  out.  The  experiments 
differ  d from  each  other  by  the  use  of  various 
amounts  of  data  and  by  the  assimilation  method 
they  utilized.  The  effecis  of  the  satellite  data  were 
evaluated  according  to  the  following  criteria:  1) 
differences  between  the  initial  states  produced 
with  and  without  utilization  of  satellite  data.  21 
differences  between  numerical  predictions  made 
from  these  initial  states,  and  31  differences  in  local 
weather  forecasts  resulting  from  the  large-scale 
nu.nericrl  predictions 


Initial  state  differences  were  evaluated  in  terms  of 
magnitude  and  location  of  large-scale  differences 
between  meteorological  fields.  Numerical  prediction 
differences  were  evaluated  in  terms  of  5|  skill 
scores  and  rms  errors,  as  well  as  by  synoptic 
case  studies.  An  automated  forecasting  model  (AFM) 
based  on  quasi-geostrophic  theory  and  on  subjective 
forecasting  principles  was  developed  to  facilitate 
the  objective  evaluation  of  differences  produced 
in  local  weather  forecasts,  especially  precipitation 
forecasts. 

The  results  of  our  experiments  suggest  a number 
of  conclusions; 

1)  Satellite-derived  temperature  data  can  h?ve  a 
modest,  but  statistically  significant  positive  impact 
on  numerical  weather  forecasts,  as  verified  over  the 
continents  of  the  Northern  Hemisphere. 

21  This  impact  is  highly  sensitive  to  the  quantity 
of  the  data  available — the  impact  of  a two-satellite 
system  is  larger  than  that  of  one  satellite  by  an 
amount  roughly  proportional  to  the  quantity  of 
data  provided. 

3)  The  assimilation  method  plays  a major  role  in 
the  magnitude  of  the  impact  for  the  same  data — 
direct  insertion  had  a practically  null  impact,  while 
SCM  and  SAM  provided  an  appreciable  impact. 

Expierimsrus  showed  that  time-continuous  as- 
similation of  remote-sounding  temperatures  is 
superior  to  their  intermitleni  assimilation.  The 
impact  for  the  best  method  tested  and  for  th-*  full 
amount  of  data  available  was  a ut  5fc  in  . 11 

score  and  12^^  in  rms  eaors;  these  results  coirc- 
spond  to  the  possibility  of  extending  by  about  8- 16  h 
the  usefulness  of  numerical  weather  prediction 
iNWP^  in  the  range  between  48  and  72  h.  There 
are  indications  that  local  weather  forecasts  using 
large-scale  N WP  results  as  guidance  can  be  similarly 
improved. 

We  are  in  the  process  of  further  refining  our 
statistical  assimilation  method  for  sounding  data 
and  of  making  it  more  efficient.  We  intend  also  to 
adapt  SCM  and  SAM  to  the  assimilation  of  cloud- 
track  wind  data  from  geostaiionarv  satellites,  and 
we  expect  eventually  to  apply  both  methods  to 
FGGE  (First  Global  GARP  E.xperiment)  data. 

Based  on  the  experience  from  this  study,  we 
believe  that  there  are  two  major  areas  in  which 
improvements  can  bring  about  larger  impacts  of 
satellite-borne  sounding  systems.  First,  instrument 
development  to  improve  the  accuracy  and  vertical 
resolution  of  the  sounder  temperature  profiles  them- 
selves. .At  present,  vertical  temperature  profiles 
derivid  from  satellite  sounding  radiance  data  have 
2-2. 5‘C  rms  errors  wneii  compared  with  colocated 
radiosonde  profiles  .Although  this  accurac;.  fails 
short  of  meeting  G.AR?  requirements,  we  have 
shown  ’hat  the  data  are  still  waoabie  of  producing 
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modest  impacts  when  properiy  utilized.  However, 
the  deficiencies  in  the  quality  of  the  data  can  only 
partially  be  compensated  for  by  special  retrieval 
and  assimilation  methods. 

There  is  certainly  a need  for  continuous  dau 
monitoring  and  for  continued  development  of  re- 
trieval and  of  assimilation  methods.  Moreover, 
close  interaction  between  retrieval  and  assimila- 
tion methods  seems  to  hold  great  promise.  But  the 
most  important  loquirement  is  still  that  of  instru- 
ment packages  with  greater  accu  acy  and  resolu- 
tion. capable  of  providing  reliable  soundings  under 
all  atmospheric  conditions. 

Second,  numerical  prediction  models  themselves 
must  be  improved  to  make  better  use  of  the  sounding 
data.  In  order  to  successfully  assimilate  asynoptic 
data  and  have  them  contribute  to  more  accurate 
forecasts,  it  is  necessary  that  the  model  be  able 
to  convey  information  accurately  over  extended 
distances  and  periods  of  time  from  one  region  of  the 
globe  to  another.  Improvement  in  forecasting  models 
can  only  proceed  by  a judicious  combination  of 
higher  grid  resolutions,  more  accurate  numerical 
discretization  methods,  and  better  representations 
of  atmospheric  processes  in  the  model. 

We  hope  that  a concerted  effort  in  designing 
better  observing  unstruments  and  systems,  refining 
the  methods  for  processing  and  assimilating  their 
observations,  and  developing  bener  numerical 
models  will  lead  to  considerable  improvements  in 
numerical  weather  prediction  and  to  a better  under- 
standing of  the  atmospheric  circulation;  these  are 
the  goals  of  the  Global  Atmospheric  Research 
Program. 
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Tasl!  A1.  Forecast  parameters  and  their  units. 


Forecast  panmeter 

Abbrevi- 

ation 

Units 

Vorticity  advcction  (absolute) 

at  500  mb 

VA 

I0-*  S-* 

Temperature  advection  at  850  mb 

TA 

10-*  *C  s-‘ 

Thickness  1 1000  mb-500  mb) 

adveetkm 

THA 

10-*  m*  S-* 

Moisture  advection  at  850  mo 

MA 

10-*gr‘ »" 

Dew-point  depression  at  850  mb 

DD 

•c 

Temperature  at  850  mb 

T850 

•c 

Wind  direr  don  at  sea  level 

(teostruphic) 

WD 

deg 

Vettir  il  wind  shear  from  sea  level  to 

850  mb  ar>d  frt>m  850  to  750  mb 

vws 

qualiutive 

Note;  The  last  pantmeter  is  not  used  in  the  current  version 
of  the  .AFM;  it  »ill  be  used  in  attemptinf  to  account  for  low- 
level  warm  frontal  precipitation. 
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appendix 

AFM  Flow  Diagrams 

The  Automated  Forecasting  Method  (AFM)  is 
based  on  most  of  those  criteria  used  in  subjective 
forecasts  which  can  be  easily  quantified.  These 
empirical  criteria  are  grounded  theoretically  in  basic 
quasi-geostrophic  relationships  (Houghton  and 
Irvine.  1976).  The  forecast  parameters  the  AFM 
uses  are  given  in  Table  Al,  together  with  the  ap- 
propriate units. 

In  the  following  figures,  the  logical  structure  of 
the  AFM  is  described  using  a flow  diagram  presenta- 
tion. Fig.  Al  gives  the  flow  diagram  for  determining 
large-scale  precipitation.  Fig.  A2  c ntains  the  flow 
diagram  used  in  deciding  whether  cold  frontal 
precipitation  will  occur.  Fig.  A3  represents  the  flow 
diagram  for  forecasting  the  occurrence  of  local 
showers.  The  AFM  will  issue  a precipitation  fore- 
cast if  either  one  of  these  types  of  precipitation 
is  predicted  to  occur. 

Fig.  A4  shows  the  test  carried  out  in  order  to 
determine  the  type  of  precipitation,  given  that 
precipitation  does  occur.  Fig.  .\5  contains  a sample 
computer  output  of  the  current  version  of  the  AFM 
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Fio.  Al.  Flow  diacrain  of  th«  procedure  used  to  determine  the  occurrence  of  large'Scele  ~^ipitttion. 
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Fic.  A4.  Flow  dUfrain  of  the  procedure  used  to  determine  the  type  of  precipitation. 
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Fig.  A5.  Sample  computer  output  of  the  automated  local  precipitation  forecasting  method. 
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fBSmCT 

Ihe  response  of  hydrology  in  the  GLAS  GCH  has  been 
evaluated.  The  results  show  that  the  distribution 
of  precipitation  agrees  fairly  well  with  observations 
and  that  the  model  tends  to  maintain  the  hydrological 
balaiKse. 
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SOME  SXPCR2MENTS  ON  THE  EFFECT  OF  REMOTE  SOUND INC 
TEMFERATURES  UPON  WEATHER  FORECASTING 

N.  Halaa>  N.  Chll*  and  R.  Atlas** 

Laboratory  for  Atnoapharie  Seisnea,  Coddard  Spacs  Flight  Cantor 
Groanbalt,  Maryland  20771,  USA 

ABSTRACT 

No  prasont  a tlna-continuous  statistical  nothod  for  tha  four- 
diaonsional  assimilation  of  ramota  sounding  tanqparaturas  basad  on 
radlanea  oaasuromants  from  polar-orbiting  satallitas.  This  mathod 
is  applxad  to  OST-6  data  from  tha  NOAA-4  and  Nimbus-6  satallitas. 

Wo  raport  on  axporimants  in  which  tha  stata  of  tha  atmosphara 
throughout  tha  tast  pariod  was  dataminad  using  a varying  amount  of 
satallita  data  and  in  which  diffarant  mathods  wara  usad  for  thaii' 
assimilation.  Data  from  tha  NOAA-4  satallita  only,  from  Nimbus-6 
only,  and  from  both  satallitas  togathar  wara  usad;  tha  mathods 
tastad  includa  diffarant  variations  of  our  statistical  m-thod,  as 
wall  as  Bora  traditional  mathods. 

Using  soBia  of  tha  atmospharic  statas  thus  datarminad  as  initial 
statas,  a nuabar  of  alavan  72-hour  foraeasta  was  carriad  out  for 
aach  axparlmant.  Tha  affact  of  tha  satallita  data  was  studiad  using 
tha  following  critarlat  (i)  diffarancas  batwaan  tha  initial  statas 
prodttcad  with  and  without  utilisation  of  satallita  data,  thair  mag- 
nituda  and  location,  (ii)  diffarancas  in  tha  numarical  pradictions 
mada  from  thasa  Initial  statas,  avaluatsd  numarically,  by  skill 
seoras  and  RMS  srrors,  as  wall  as  synoptically,  and  (ill)  diffarancas 
in  local  pracipitation  foraeasta  resulting  from  tha  larga-acala 
ausMrieal  pradictions.  To  faeilitata  tha  evaluation  of  local  waathar 
forecast  diffarancas,  we  davalopad  a computsrisad  forecasting  modal 
for  pracipitation. 

Our  conclusions  from  tha  study  are  that;  (1)  satallita -derived 
taaparatura  data  can  have  a modest,  but  statistically  significant 
positive  Impaet  on  numerical  waathar  prediction  in  *ha  two-to-thraa 
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Haw  fork  University,  New  York,  N.  Y.  10012 

**Famanant  Affiliation:  Oapartmant  of  Machan.ical  Enginaaring,  Stats 

University  of  New  York  at  Stony  Brook,  Stony  Brook,  N.  Y.  11*94. 
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day  ran^a;  (2)  this  impact  it  highly  aanaitiva  to  tha  quantity  of 
data  availabla;  and  (3)  tha  assimilation  mathod  plays  a major  rola 
in  tha  magnltuda  of  tha  impact  for  tha  sama  data.  Our  rasults  sug- 
gast  that  largar  impacts  of  satalllta-borna  sounding  systams  on 
waathar  foracasting  could  ba  brought  about  by  improvamants  in  two 
major  araas:  \a)  improvad  accuracy  and  vartical  rasolution  of  soundar 

tamparatura  profilas,  and  (b)  improvad  numarical  modals  for  assimi- 
lation and  foracasting. 

INTRODOCTION 

Tamparatura  data  obtainad  from  atmospharic  ramota  sounding  by 
satallitas  have  baan  in  oparational  usa  for  waathar  foracasting  sinca 
Oacambar  19/2.  At  that  tima  tha  U.S.  National  Matacrological  Cantar 
(NMC)  bagan  using  in  its  daily  waathai  analysas  and  foracasts  tha 
sounding  camparatura  profilas  obtainad  from  radlanca  maasuramants 
mada  by  tha  Vartical  Tamparafira  Profila  Radiomatar  (VTPR)  aboard 
tha  K0AA~2  polar-orbiting  satallita.  S/nca  than  significant  improva- 
mantt  hava  baan  mada  in  tha  tachnological  capabilitias  of  instrumants 
and  in  tha  mathods  for  dariving,  or  ratr laving,  tamparatura  profilas 
from  radlanca  maasuramants;  a numbar  of  atudias  hava  also  baan  mada 
on  tha  mathods  for  utilizing  thasa  darivad  tamparaturas  in  numarical 
waathar  prediction  (NWP) . 

Starting  with  the  pioneering  works  of  Charney  at  al.  (1969)  and 
Smagorinski  at  al.  (1970),  a continuing  program  for  assessing  the 
affect  of  using  ranota  sounding  tamparaturas  upon  NWP  has  baan  pur- 
sued at  a number  of  research  canters  (At)cins  and  Jonas,  1975;  Hayden, 
1973) . Tha  findings  of  different  investigators  concerning  this  ai- 
fact.  Its  nature  and  magnitude,  hava  elicited  a certain  amount  of 
controversy  in  the  meteorological  community  and  a definitive  assess- 
ment is  still  to  ba  mada.  This  state  oi’  affairs  can  be  attributed 
to  a number  of  factors,  among  which  tha  rapid  development  during  tha 
intervening  period  in  all  tha  elements  of  tha  problem:  measuramant 

characteristics,  tam.paratura  retrieval  mathods,  and  util*  .ition  method* 
of  tha  retrieved  tamt>araturas  for  NWP.  .'ioraovar,  tha  numarical  ex- 
periments sat  up  to  determine  tha  forecast  impact  of  sounding  tempera- 
tures varied  widely  in  their  assumptions,  thsir  data  and  thair  'ri- 
taria  of  assessment. 

At  present,  a certain  maturizatic  has  occurred  in  tha  field 
of  ramota  sounding,  as  well  as  in  that  of  impact  studies,  and  tha 
possibility  of  a partial  consensus  seams  to  be  closer.  We  do  not 
claim  to  ba  able  to  present  such  a consensus  at  this  point;  wa  hope, 


ho«rav«r,  that  tha  impact  atudy  wa  prasant  a stap  in  tha  right 
diraction. 

Tha  mataorolorical  group  at  Goddard  Instituta  for  Spaca  Studias 
(GISS)  hat  baan  involvad  for  a nuabar  of  yaara  in  tha  utilization  of 
sounding  tamparaturas  for  NWP.  Moat  racantly,  during  tha  pariod 
April  1976  - April  1977  an  intantiva  impact  atudy  hat  baan  earriad 
out  by  tha  group  (Halam  at  al. . 1977);  wa  shall  rapoi^t  hara  on  tha 
rasults  of  this  study. 

Tha  tamperatura  data  uaad  in  tha  study  ara  in  a sansa  standard: 
thay  wara  providad  by  tha  U.S.  National  Environmantal  Satallita  Sarvica 
(NESS).  Tha  data  had  baan  obtained  by  tha  operational  retrieval  meth- 
ods socumantad  by  NESS  (^tith  and  Woolf,  1976;  Horbowatz)ci,  197S)  from 
tha  radiance  maasurtmant  performed  by  tha  VTPR  instrument  aboard 
NOAA-4  and  tha  HIRS  and  SCAMS  instruments  aboard  Nimbus-6,  during 
tha  Data  System  Test  (DST)  pariod  CST-6  (January  - March  1976). 
Different  retrieval  methods  have  baan  under  development  at  GZSS  as 
wall  (Susskind  and  Edalmann,  1977)  , but  thair  rasults  will  not  be 
discussed  hare. 

Tha  methodological  contribution  of  this  study  consists  in 
tha  way  we  utilize  tha  data  and  in  soma  of  tha  criteria  wa  use 
for  assessing  the  impact.  The  utilization  method  we  propose  falls 
in  the  broad  category  of  statistical  methods;  these  methods  are  cur- 
rently gaining  greater  recognition  and  wider  acceptance  in  NWP  for 
the  purpose  of  incorpori>.ting,  or  assimilating,  different  types  of 
observational  data  into  tha  determination,  or  analysis,  of  the  initial 
states,  from  which  numerical  forecasts  are  made.  Our  method  differs, 
however,  from  those  in  use  or  being  davalcpad  at  o'. her  canters;  wa 
believe  it  is  especially  useful  for  the  assimilation  of  remote 
sounding  data. 

The  impact  of  the  sounding  data  was  assessed  sy  some  standard 
numerical  criteria  in  use,  such  as  RMS  errors  and  skill  scores  of 
the  forecasts  over  certain  large,  data-danse  regions.  In  addition, 
criteria  which  have  direct  bearing  on  tha  practical  usefulness  of 
tha  forecasts  were  developed  and  applied. 

The  assimilation  method  is  succinctly  developed  in  Section  2. 
Numerical  experiments  completed  during  tha  i.mpact  study  arc  described 
in  Section  3.  Tha  rasults  of  tha  experiments  are  presented  and  dis- 
cussed in  Section  4.  Cur  conclusions  follow  in  Section  5. 
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TKX  ASSIMILATION  MZTKOD 
Introduction 


A mai'or  ofTort  la  now  undar  way  at  a numbar  of  raaaareh  can-' 
tars  in  nunarieal  waathar  pradiction  to  apply  atatistical  mathoda  to 
tha  four-dinanaional  (4-0)  aaaimilation  of  tanparatura  data  obtainad 
from  radiomatric  aatallita  obaarvationa . Tha  uaa  of  atatiatical 
mathoda  ia  atrongly  aufgaatad  by  tha  larga  quantity  and  poor  quality 
of  tha  data. 

At  Qoddard  Inatituta  for  Spaea  Studiaa  (GISS) , wa  hava  davalopad 
a atatiatical  aaaimilation  mathod  (SAM)  which  oparataa  in  a tima- 
continuoua  manner,  alonq.a  aub-aatalllta  trade.  Th^a  tima-continuoua, 
fully  four-dimanaional  approach  ia  tha  uiain  faatura  which  diatinquiahaa 
our  mathod  from  other  attampta,  which  group  all  aatallita  data  in  6 
to  12  h “windowa”,  and  than  apply  tha  atatiatical  tachniquaa  to  tha 
aatallita  data,  aa  well  aa  to  conventional  data,  in  aynoptic  faahion. 

Tha  uaa  of  cumulative  atatiatical  information  on  obaarvational 
arrora  in  order  to  companaata  for  tha  daficianciaa  in  tha  amount  and 
accuracy  of  tha  obaarvationa  haa  lad  to  tha  application  of  atatiatical 
mathoda  in  tha  obj active  analyaia  of  conventional  aynoptic  data 
(Eliaaaan,  1954;  Gandin,  1943).  Thia  application  became  Icnown  in  tha 
meteorological  literature  aa  “optimal  interpolation" . The  Incluaion 
of  foracaat  information  into  tha  apacification  of  an  initial  atata 
by  atatiatical  methods  lead  to  “optimal  interpolation “ of  the  dif- 
ferancaa  between  obaarvationa  and  foracaat  valuaa,  rather  than  of  tha 
aynoptic  obaarvationa  thamaalvaa.  Thia  approach  ha«  bean  advocated 
and  implemented  by  Rutherford  (1972,  1973) . 

Application  of  atatistical  methods  not  oniy  vo  tha  objective 
analysis  of  conventional  synoptic  ■'.‘^sarvations , but  also  to  the  time- 
continuous  aaaimilation  of  aaynoptj..?  anrellita-darivad  aata,  has  bean 
carried  out  for  a non-divargant  barotrop.'.c  model  by  Bangtason  and 
Gustavasen  (1971,  1972) . Tha  combination  of  all  the  ideas  above  led 
us  to  study  tha  blending  of  satellite  data  in  a tima-continuoua  manner 
into  assimilation  runs  of  tha  GISS  General  Circulation  Model  (CCM, 
Somerville  e»  aK , 1974),  by  tha  procedure  of  local  “optimal  inter- 
polation* of  observad-minus-foracaat  values;  tha  atatiatically  deter- 
mined corrections  are  than  addej  at  each  model  time  tvep  c*  the  at- 
similation  cycle  to  the  forecast  values. 

This  statistical  method  was  compared  in  some  of  oir  experiments 
with  r>thar  methods,  of  a more  traditional  nature,  to  wit:  direct 

insertion  (Bengtason,  1975,  p.  24) , and  successive  correction 


(Cr*iim«n<  1959) . Tha  datallad  asynoptie  laplaMatation  of  thoto 
Mthods  in  oar  axporiiiwnts  ia  doseribad  in  Ghil  and  01Ilin«  (1977). 
Daacription  of  tha  St  tiatleal  Mathod 

Vartlcal  tamparatura  profllaa  obtainad  from  aatalllta-baaad 
radianca  maaauramanta  ara  ^roupad  by  10-mlnuta  tiaa  intarvala.  A 
plot  of  a typical  group  of  tamparatura  data  obtainad  in  a 10-adnuta 
intarval  ia  shown  in  Figura  1.  In  tha  saqual  wa  shall  rafar  for  tha 
saica  of  bravity  to  aatallita-darivad  tamparaturas  as  obsarvad  tmapara- 
turas.  Ir  ha  peasant  isplamantation  of  tha  sMSthod,  only  information 
\t  tha  s«.n^  mandatory  prassura  laval  is  usad,  i.a.,  tha  "optimal 
ir.tarpolation"  is  two-dinans ional . 

To  simplify  notation,  wa  usa  a singla  subscript  to  indies ta 
location,  thus:  k - (i,j),  whara  i stands  for  discratisad  longituda 

and  j for  discretizad  latituda.  tat  k ba  an  obsarvation  point  (on 
a fixad  mandatory  prassura  laval) , tha  obsarvad  tamparatura,  and 

tha  (intarpolatad)  modal  tamparatura  at  tha  obsarvation  point  k. 

Lat  ba  tha  difference  between  tha  obsarvad  and  tha  foracast  tampara- 
~ Of 

turas  ~ wish  to  compute  corrections  6^  to 

foracast  values  at  grid  points  l - (m,n)  near  tha  obsarvation  points 
k,  where  k ranges  over  a group,  or  "patch",  of  observations  such  as 
tha  one  shown  in  Figura  1.  In  tha  figura,  obsarvation  points  k ara 
narked  by  T's;  grid  points  I which  are  affected  by  tha  observations 
after  corrections  are  made  appear  as  Mora  precisely,  after 

applying  tha  corrections  provided  by  our  method,  tha  tamparatura  at 
-points,  as  well  as  at  'T' -points,  will  ba  different  from  tha 
forecast  value. 

Tha  corrections  6^^  are  computed  by  a linear  formula, 


(1) 


here  and  in  the  saqual  we  drop  the  vector  notation  for  k and  t,  the 
multi-index  character  of  k and  t being  tacitly  understood.  Tha  co- 

V 

efficients  in  t.he  Equation  (1)  are  defined  as  the  solution  of  tha 
system  of  linear  equations 
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Flgur*_l.  Th«  distribution  of  tsmp«rstur«  soundin9  data  avail- 
abla  ovar  a 10  rainuta  tins  intarval,  and  of  tha  nodal  grid 
points  at  which  our  statistical  assisulation  nathod  will  modi- 
fy foracast  tanparaturas  using  thasa  data.  Tha  'T'-s  stand 
for  grid  points  in  tha  ianadiata  naighborhood  of  satallita 
ratriavalSf  tha  *«''-s  for  tha  othar  points  affactad  by  tha  ra- 
triavals  in  SAM.  Tha  total  domain  of  influanca  of  tha  ra- 
triavals.  consisting  of  'T'-points  and  of  '^'-points,  has  a 
radius  of  2000-3000  km. 


AjOj  ■ (2) 

L N 

tfhara  and  M is  tha  nunbar  of  obsarvation  points  in 

tha  patch.  Systam  (2)  is  tha  familiar  normal  systam  which  arisas  in 

all  stat;,stical  applications  basad  on  linaar  ragrassion. 

Statistical  information  accumulated  on  obsarvations  and  fora- 

casts  is  incorporatad  into  tha  antrias  a^  of  tha  matrix  A and  into 

k ' 

tha  components  of  the  right-hand  side  vector  3^.  Thasa  are 

given  by 


ISO 


(3) 


kk* 


♦ ,) 

• kk* 


h*r«  B , la  th«  (aphcrleal)  dlatane*  bBtw*«n  th«  tvo  obaarvation 
kk 

pointa  k and  k't  whlla  a^^^  la  tha  dlatanea  batwaan  tha  obaarvatlon 
point  k and  tha  grid  point  1.  at  which  wo  wlah  to  maka  tha  eorractlon 
Notlca  that  k dopanda  on  obaarvatlon  pointa  only,  and  wa  can  drop  tha 


aubacrlpt  1,  whlla  6^  dapanda  on  both  obaarvatlon  pointa  and  tha  cor> 
ractlon  point  wo  conaldar. 

«<a)  la  a corralatlon  function.  Tha  fact  that  It  dapanda 
only  on  tha  dlatanea  a raflacta  tha  aaauaiptlona  of  homooanaltv 
and  of  laotropy  wa  aMda  at  tha  outaat  concomlng  tha  orror  atruetura. 
Tha  function  i(a)  waa  conputad  for  dlacrata  valuaa  of  a,aj^  ■ 100km, 

Bj  ■ 300km,...,  Bp  “ (2p-l)xl00km.  Tha  contlnuoua  function  a (a)  uaad 
In  (3)  waa  obtained  by  fitting  an  analytic  function  a ” a(a;BQ,c), 
dapandlng  on  tha  paramatara  a^  and  c,  to  tha  valuaa  ap  “ a(ap),  by 
a laaat-aquaraa  fit.  In  other  worda,  wa  obtained  the  valuaa  of  a^ 
and  of  c for  which  a (a 7 0^,0  aatlaflad 


Ca(ap>Bo.c) 


minimum 


(4) 


Tha  actual  form  of  a uaad  in  tha  axporlmonta  wa  report  on  hare 
waa  exponential. 


a(a;aQ,c) 


(1-c) 


c . 


(5) 


Tha  method  haa  already  bean  praaantad  In  Ghll  at  al.  (1977b) . For  a 
more  detailed  daaerlptlon  wa  have  to  refer  to  Ghll  and  billing  (1977) 

DESCRI9TZ0M  OF  THE  EXPEEIMEMTS 

Oxir  purpoaa  waa  to  atudy  the  affect  of  aatalllta  data  on 
tha  quality  of  initial  atataa  obtained  with  tha  aid  of  auch 
data,  and  on  tha  accuracy  of  foracaata  atartlng  from  auch  Initial 
atataa.  Specifically  wa  atudlad  tha  affect  of  tha  quantity  and 
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Accuracy  of  th«  •atollitc  data  thamaalvaa  on  tha  ona  hand,  and  of  tha 
aaaimilatlon  mathoda  utad  to  axtraet  tha  information  from  tha  data, 
on  tha  othar. 

All  axparimanta  conaistad  baaically  of  eontinuoua  aaaiailatien 
runa,  axtandinq  ovar  tha  antira  period  for  «diich  data  wara  avai Labia, 
and  of  foraeaata  atartad  from  aalaetad  initial  atataa  producad  by  tha 
aaaiailation  run.  Tha  axparimanta  dif farad  from  aaeh  othar  by  tha 
aounding  data  which  vara  aaaimilatad,  and  by  tha  mathod  which  waa 
uaad  to  carry  out  tha  aaaimilation.  Tha  aaaimilation  mathoda  uaad 
for  the  aatallita  data  wara  direct  inaartion  (OXN) , aaynoptic  auceaa- 
aiva  correction  (SCM) , and  tima-continuoua  local  atatiatical  aaaimila- 
tion (SAM) . 

Tha  mathoda  wara  applied  to  tamparatura  aoondinp  data  from  tha 
NOAA-4  and  Mimbua-6  aatallitaa  during  tha  DST-6  (January -March  19'^ 6) 
period.  A eoapleta  aaaimilation  cycle  waa  carried  out  from  002 
Jan.  29  to  032  Fob.  21,  1976.  Tha  tamparatura  data  ware  auppliod  by 
tha  National  Environmental  Satellite  Service  (NESSV.  Eleven  fora- 
caata  vr»  carried  out.  atarting  at  032  on  Fab.  1,3, S, . . . ,21.  Tha 
raaaon  to  atart  tha  foraeaata  at  032  and  not  at  002  waa  to  achieve 
aa  cloaa  a parallel  aa  poaaibla  with  operational  practice  at  tha 
National  Meteorological  Cantor  (NMC)  bacauaa  NMC  uaaa  intermittent 
aaaimilation  with  a t3h  "window*  for  aatallita  data.  Thua,  an  opera- 
tional NMC  foracaat  atartad  at  002  uaaa  all  aaynoptic  information  up 
to  032;  ao  do  our  experimental  runa  atartad  at  032  aa  wa  rely  on 
tima-continuoua  aaaimilation.  Starting  3h  after  tha  inaartion  of 
aynoptic  data  alao  haa  tha  affect  of  letting  tha  modal  amooth  out 
tha  initialixation  ahocic  occurring  at  aynoptic  tima  (aaa  Ghil,  197 S; 
and  Ghil  at  al. , 1977a) . 

A auaaaary  daacription  of  axparimanta  la  given  in  Table  X.  A 
latitude-acalad  correlation  function  (cf . Ghil  and  Dilling,  1977) , 
tha  averaging  of  NESS  data  to  GXSS  grid  polnta  (id.),  and  gaoatrophic 
wind  eorractiona  (ibid.)  wara  uaad  in  all  SAM  axparimanta.  Gao- 
atrophic wind  correction  waa  uaad  in  tha  DXM  and  SCM  axparimanta 
(•240  through  1447)  aa  wall. 

Experiment  240S  waa  aat  up  aa  a eoncrol  axparimant  to  ehac)t  tha 
information  content  of  aatallita  data,  and  to  atudy  tha  poaaibla 
aaoothing  affect  of  SCM  and  SAM  on  tha  field  valuaa  produced  by  aa- 
aiaU.lation  runa.  In  it  tha  tamparatura  data  uaad  aa  "obaarvationa* 
wara  modal  valuaa  producad  from  a NOSAT  (aaa  Table  X)  12h  foracaat, 
to  which  aimulatad  obaarvad-minua-foracaat  diffaraneaa  wara  added) 
thaaa  diffaraneaa  ware  computed  at  tha  true  Mimbua-6  obaarvation 
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TabXa  I.  Susnaxy  daaeription  of  Impact  axparimanta. 
fha  uaa  of  data  from  tho  VTPP  Inatrumant  on  board  tho 
NOAA-4  satallito  it  danotad  by  VTVX»  tha  uaa  of  tha 
data  from  tha  RIPS  and  SCAMS  inatrumantt  on  board  tha 
Miabua-S  aatalllta  by  NXNB.  Tha  mathoJ  by  which  tha 
data  hava  baan  aaaiailatad  ia  indicatad  by  tha  aeronyma 
OZM.  SCM  or  SAM.  Tha  axparimant  in  which  only  eonvan* 
tional  aynoptie  data,  and  no  aatallita  data  at  all  wara 
uaad  appaara  aa  HOSAT.  Tha  firat  di^it  of  tha  coda 
nuBd>ar  rafara  to  tha  mathodt  OZM  ■ 1,  SCM  ■ 2f  and 
SAN  ■ 3;  tha  aecond  di^it  rafara  to  data  aourcas 
VTPR  * 1,  NZMB  - 2,  and  VTPR  * MZMB  ■ 3.  Additional 
axplanationt  concaming  tha  mathod  ara  givan  in  tha  taxt 
and  in  Ghil  and  billing  <1977) . 


Exparimanc 

No. 

Coda 

Aaaimilation 

Mathod 

Oata 

VTPR  MZMB 

Corralation  Paramatara 
ag(lcm)  e 

7578 

00 

NOSAT 

0 

0 

•240 

12 

OZM 

X 

8405 

22C 

SCM* 

X 

8352 

22 

SCM 

X 

8310 

23 

SCM 

X 

X 

8447 

22N 

SCM** 

X 

X 

8574 

31 

SAM 

X 

2293 

-.124 

8472 

32 

SAM* 

X 

1831 

.018 

8545 

33 

SAM 

X 

X 

1842 

.015 

8546 

33a 

SAM* 

X 

X 

1842 

.015 

8593 

33b 

SAM^ 

X 

X 

1842 

.015 

* Control  axparimant  with  aimulatad  Nimbua-6  data>  baaad  on  NOSAT 
12h  foracaat. 

**  No  inaartion  of  aatallita  data  ovar  data<^anaa  land  araat. 

* Biat  ramovad  at  obaarvation  point, 
b Biaa  ramovad  at  grid  point. 


locationa,  by  uaing  a random  nuoibar  ganarator  function  with  atatiatieal 
propartiaa  datarminad  from  actual  data. 

Timing  aatimataa  for  diffarant  aaaimilation  mathoda  ahow  that 
tha  computational  coat  of  implamanting  aora  aophiaticatad  aaaimilation 
mathoda  ia  not  prohibitiva.  for  axampla.  a 24h  foracaat  ta)caa  40 
minutaa  of  CPU  tima;  a 24h  NOSAT  aaaimilation  tuna  in  41  minutaat  a 
24h  SCM  aaaimilation  runa  in  S9  minutaa;  and  a 24b  SAM  runa  in  94 
minutaa  (cf.  Ghil  and  Billing.  1977,  whara  dataila  ara  providad) . 

Thaaa  aatimataa  all  rafar  to  tha  praaant  varaion  of  tha  GZSS  GCM  run* 
ning  on  an  Amdahl  470/V6  eomputar  with  a corn  maiaory  of  2 magabytaa. 

Tha  computational  coat  can  alao  ba  furthar  raducad  by  uaing  mora  af- 
ficiant  numarieal  mathoda  and  programming  tachniquaa. 


DISCUSSION  OF  RESULTS 

Tha  impact  of  aatallita  founding  data  on  waathar  foracaat  haa 
traditionally  baan  axprassed  in  tarms  of  atandard  numarical  maaauraa 
auch  aa  tha  S^^  akill  acora  and  RMS  arror.  Howavar  in  racant  yaara 
a larga  nunbar  of  mataorologiata  hava  commantad  on  tha  naad  for  aval- 
uating  numarical  foracaata  in  tarma  of  tha  varioua  dynamical  quantitie 
which  ara  uaad  by  local  waathar  foracaatara  to  arriva  at  actual  waathe 
foracaata  (Murphy  and  Williamaon,  1976 > pp.  698-900) . In  raaponaa 
to  thia  naad  wa  attamptad  to  dav^lop  a program  which  avaluataa  tha 
impact  of  aatallita  data  on  abort-  and  madiur>i-ranga  waathar  foracaata 
in  tha  contaxt  of  oparational  foracaating  requiramanta.  In  thia  ra- 
gard,  amphaaia  haa  baan  placad  on  tha  practical  utility  of  tha  aatal- 
lita data,  apacifically  ita  uaafulnaaa  to  tha  local  waathar  foracaatar 

Wa  hava  avaluatad  tha  impact  of  aatallita  data  with  tha 
following  thraa  critaria:  (1)  initial  atata  diffarancaa  batwaan 

analyaaa  producad  with  and  without  tha  utilization  of  aatallita  data, 
rafarrad  to  aa  tha  SAT  emd  NOSAT  initial  conditiona,  raapactivaly, 

(2)  diffarancaa  in  the  numerical  predictions  made  from  these  initial 
conditions,  referred  to  as  the  SAT  and  NOSAT  prognostic  fields,  and 

(3)  diffarancaa  in  the  actual  weather  forecasts  which  a local  fore- 
caster would  produce  based  on  acceptance  of  the  information  given 

by  tha  SAT  or  NOSAT  prognostic  fields.  Differences  in  the  prognostic 
fields  ware  measured  by  tha  standard  numerical  criteria  of  S^^  sicill 
scores  and  RMS  errors,  aa  wall  as  by  subjective  comparisons  based  on 
synoptic  critaria. 

Initial  State  Differences 

In  tha  present  context,  utilization  of  satellite  data  only  af- 
fects tha  forecasts  as  a result  of  differences  between  the  initial 
states  computed  with  (SAT)  and  without  (NOSAT)  the  aid  of  these  data. 
Different  initial  states  lead  then  to  different  forecasts.  We  start 
tharefora  by  considering  the  differences  i.n  initial  states  produced 
by  tha  use  of  satellite  data.  Initial  state  differences  are  presented 
between  experiment  £S66  and  the  NOSAT  experiment  7S7S.  He  recall 
that  in  experiment  8566  data  from  both  tha  NOAA-4  and  Ni.T\bus-6  satel- 
lites ware  assimilated  by  SAM  (coda  33a  in  Table  I) . 

Figures  2a  and  2b  show  the  SOO-mb  geopotential  height  different 
fields  for  tha  two  assimilation  cycles,  one  including  all  the  sounding 
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2a)  Diffarencas  on  Feb.  1 throu9h  Fab.  11 


data  from  both  aatallitas  (callad  2SAT)  and  tha  othar  withholdin'' 
all  satallita  soundin^a  (callad  NOSAT) . Tha  dlffaranca  fialds  ara 
9lvan  at  tha  initial  tima  of  aach  ona  of  tha  foracaats  which  wara 
carriad  out  for  avary  axparimant.  A look  at  tha  fialda  Indicataa 
that  larga  variationa  occ.ir  in  tha  magnituda  of  initial  atata  dif- 
farancaa  from  ona  day  to  anothar.  Tha  magnitudaa  of  tha  dlffarancaa 
vary  aa  a raault  of  variationa  in  data  covaraga  and  quality,  aa  wall 
aa  of  tha  natural  variability  of  tha  atmoaphara.  It  la  claar  from 
tha  dlffaranca  plota  that  day  aftar  day,  dlffarancaa  of  tha  ordar  of 
30-120  matara  ara  producad  in  data-aparaa  ragiona  of  both  the  Pacific 
and  Atlantic  Ocaana.  Gaopotantial  height  dlffarancaa  of  thia  magni- 
tuda corraapond  to  1.5*  to  6*C  tamparatura  differancea  in  the  1000  mb- 
to  -500  mb  thicknaaa.  Tha  variationa  ara  of  both  aigna,  although 
there  aaama  to  be  a ayatamatrc  tendency  for  warmer  tamparaturaa  in 
tha  SAT  cycle  over  moat  of  thia  aaaimilation  teat.  Suparimpoaing 
tha  aatallita  tracks  (not  shown)  on  tha  difference  charts,  wa  noticed 
that  tha  largest  dlffarancaa  occur  mainly  in  the  data-sparse  areas 
along  tha  tracks  where  sounding  data  have  recently  bean  inserted , 

It  was  also  observed  that  in  cases  where  the  initial  state  differences 
are  smaller,  tha  forecast  impact  in  terms  of  S^^  skill  scores  and  P.MS 
scores  is  generally  also  smaller.  We  intend  to  substantiate  these 
qualitative  observations  by  further  quantitative  studies. 

From  tha  nature  of  tha  initial  state  differences,  one  cannot 
say,  a priori,  whether  tha  utilization  of  satallita  data  in  a given 
ease  would  produce  beneficial  impacts.  It  seams  reasonable  to  assert 
at  this  point,  however,  that  tha  magnitude  of  these  diffarencea  is 
sufficiently  large  so  that  ona  would  expect  them  to  produce  a certain 
number  of  significantly  distinct  forecasts. 

Numerical  Evaluation  of  Forecast  Dlffarancaa 

Tha  numerical  measures  of  impact  we  used  wara  skill  scores 
and  RMS  differancas.  Tha  meteorological  fields  wa  studied  in  par- 
ticular wara  tha  saa-lavel  pressure  p^  and  tha  height  t of  the 
300  mb  gaopotantial  surface.  First  tha  difference  between  \;alues  of 
tha  field  producad  by  a modal  forecast  and  tha  field  values  of  tha 
NMC  objective  analysis  at  the  same  synoptic  time  wara  computed.  These 
differancas  wwra  computed  for  tha  synoptic  time  48h  and  72h  aftar 
initial  time. 


Tha  naxt  step  was  to  computa  tha  MS  valua  of  tha  diffaranca. 
Tha  actual  inpact  maaaura  consiatad  in  aubtracting  tha  RMS  diffaranca 
foe  tha  axparimant  foracaat  from  tha  RMS  diffaranca  for  tha  NOSAT 
foracaat.  A poaitiva  valua  of  thia  diffaranca  than  maana  poaitiva 
impact  of,  or  improvamant  dua  to  aatallita  data  for  tha  givan  axpari- 
mant and  quantity,  whila  a nagativa  valua  maana  nagativa  intact.  Tha 
computationa  for  ahill  acora  impacta  wara  dona  in  analogoua  faahion. 
Tha  varification  ragiona  ovar  which  tha  impact  waa  maaaurad  ware 
North  Amarica  and  Europa. 

Bacauaa  of  random  influancaa  on  tha  raaulta  wa  diacuaa, 
thaaa  raaulta  had  to  ba  aummarizad  in  a way  which  would  allow  dafinita 
concluaiona  to  ba  drawn.  Such  a auramary  ia  praaantad  in  Tabla  II. 

For  dataila  wa  hava  again  to  rafar  to  Chil  and  Oilling  (1977) . 

Tabla  II.  Summary  of  raaulta  for  tha  numarical  maaauraa 
of  impact. 


Statiatical  Signlficanca 


Experiment 

Coda 

Impact,  t 

(avaraga/standard  error) 

No. 

SI 

RMS 

SI 

RMS 

7578 

00 

0 

0 

8240 

12 

0.21 

2.43 

0.13 

0.94 

8405 

22C 

0.97 

1.51 

1.07 

1.23 

8352 

22 

1.83 

6.31 

1.01 

1.82 

6310 

23 

2.75 

5.13 

0.94 

1.11 

8447 

22N 

2.98 

7.36 

1.36 

1.24 

8574 

31 

1.20 

3.66 

0.66 

1.19 

8472 

32 

3.11 

3.97 

1.39 

1.37 

8545 

33 

4.74 

9.57 

1.94 

2.26 

8566 

33a 

4.46 

12.41 

1.85 

i.77 

8593 

33b 

4.79 

10.02 

2.05 

2.49 

Tha  naan  parcantual  impacta  for  aach  axparimant  will  ba  danotad 
in  tha  following  diacuaaion  by  x^ ; tha  aubacript  j rafara  to  tha  coda 
numbar  of  tha  axparimant.  Wa  ahall  danota  tha  maaaura  of  atatiatical 
aignificanca  for  tha  raaulta  by  Cj>  Thia  maaaura  ia  ao  dafinad  (Ghil 
and  Oilling,  1977)  that  wa  conaidar  an  axparimant  j to  hava  yialdad 
aignificant  raaulta,  roughly  apaaicinc,  if  ^ 1;  wa  hava  no  confi- 
danca  at  all  in  tha  raaulta  if  ^ 0.5,  and  high  confidanca  if 

Bafora  diacuaaing  tha  raaulta,  it  ia  important  to  ramambar  that 
Exparimant  8405  (coda  22C)  la  a control  exparunent,  as  described  in 
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Sactlon  3>  and  that  all  tha  rasulta  hava  tQ  ba  gaagad  against  thoaa 
of  Exparinant  8405.  Ha  discuss  tha  rasults  for  shill  seoras  first. 

Xn  Tabla  II  v notiea  that  tha  maasura  of  statistical 
significanea  for  Exparimant  8405  is  Ranca  tha  rasulta 

of  tha  DIM  axparimant  8240,  with  c^2  “ 0*^3,  hava  no  eonfidanca  what- 
avar  attachad  to  thara  (also  whila  thosa  of  tha  SCM  ax- 

parimanta  8352,  8310,  and  8447,  with  Cjj  " 1>01,  Cjj  * 

‘*22N  * raapactivaly,  can  ba  considarad  at  marginally  significant. 
Tha  corrasponding  maan  parcantual  impacts  from  Tabla  II  ara  Xjj^  - 
0.97  for  tha  control  axparimant  8405,  and  x^^  “ 0*31  for  tha  DIM  ax- 
parimant  8240,  which  is  practically  nagligibla;  thay  ara  X22  “ 1.83, 

Xj2  • 2.75,  and  X22{]  “ 2.98  for  tha  SCM  axparimants  8352,  8310,  and 
8447  raapactivaly,  with  ^ X23  “ 1.5X22'  ^22  * ^’^22C’  *^^**^^ 

notiea  a strong  corralation  batwaan  maasura  of  impact  and  maasura  of 
eonfidanca.  Moraovar,  tha  control  axparimant  8405  shows  that  tha 
DIM  axparimant  totally  failad  to  produca  favorabla  impacts,  whila 
tha  SCM  axparimants  producad  rasults  considarably  battar  than  tha 
parformanea  laval  sat  by  tha  control  axparimant,  in  fact  twica  as 
good,  at  laast.  Also  Exparimant  8310,  which  usad  a larga  amount  of 
data,  obtainad  from  two  aatallitas,  producad  rasults  which  wars  50 
pareant  battar  in  maan  parcantual  impact  than  thosa  of  Exparimant  8352, 
utilising  tha  sama  assimilation  method  (SCM)  but  data  from  Nimbus-S 
only.  Furtharmora,  Exparimant  8447,  in  which  no  satallita  data  wara  in- 
sartad  ovar  land,  raflacting  higher  reliance  on  conventional  data  thara, 
produced  rasults  comparable  to  and  even  battar  than  thosa  of  Expari- 
mant 8310,  whila  using  only  data  from  one  satallita  (Mimbus-6) . 

Ha  discuss  now  tha  SAM  axparimants,  8574  through  8593. 

Tha  comparison  of  shill  score  rasults,  in  both  impact  and  significance, 
of  Exp-^rimant  8574,  which  usad  only  NOAA-4  data,  Exparimant  8472 
which  used  tha  more  abundant  Nimbus-6  data,  and  tha  remaining  SAii 
axparimants,  8545,  8566,  8593,  which  usad  data  from  both  satellites, 
confirms  tha  importance  of  data  quantity,  independently  of  tha  assimi- 
lation method.  Ho  hava  in  fact  ■ 0.66  < Cjj  “ ^*39  < Cj»  3 • 33, 
33a,  33b,  with  ■ 2;  similarly  x^^  - 1.20  < X32  * 3.11  ^ * 4.65. 

Thus  Exparimant  8472  is  comparable  to  the  bast  SCI  axparimants,  8310 
■and  8447,  whila  Exparimant  8574  produces  somewhat  poorer  rasults. 

Results  of  tha  throe  SAM  axparimants  which  'utilized  fully  tha 
availabl , data,  8545,  8566,  and  8593,  ara  ramarlcably  similar,  wa 
hava  > 1.94,  ■ 1.85,  and  ■ 2.05;  these  give  us  all  high 

statistical  confidence  in  tha  maan  impacts,  being  vary  close  to  and 
avan  larger  than  2.  Tha  mean  impacts  ara  X33  ■ 4.74,  « 4.46, 
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and  ■ 4.79,  that  ia  cloaa  to  S pareant.  This  is  cartainly  not 
a vary  larga  impact,  but  is  quits  comparabis  to  improvamants  in  numari> 
cal  waathar  pradiction  which  hava  baan  considarad  as  important  ovar 
tha  last  dacada;  it  corrasponds  approximataly  to  tha  ability  of  making 
a 60h  foracast  of  accuracy  which  aquals  that  of  today's  oparational 
49h  forecast. 

Wa  remark  in  passing  that  attempts  at  removing  bias,  (ef. 

Ghil  and  billing,  1977)  of  satallita-darivad  tamparaturas , either  at 
observation  points  (IS$6) , or  at  the  correction  point  (8593),  did 
not  maka  much  diffarancs  in  tha  results.  Tha  use  of  SAtl  itself,  how- 
ever, certainly  did  maka  a diffarancs.  It  is  vary  interesting  to 
consider  tha  SCM  axparimant  which  is  similar  in  other  respects  to 
the  throe  SAM  axparimanta  wa  are  in  tha  process  of  discussing,  namaly 
Eeporimant  8310;  wa  immediataly  notice  that  tha  two  quantities  mea- 
suring result,  (23  ^23'  * value  which  it  almost  exactly  half 

tha  corresponding  roprasantativa  value  for  SAM,  " 0.94,  versus  2, 
and  X22  “ 2.75,  versus  5. 

Values  of  c^2  axparimant  8240  can  be  considered 

saro  for  all  practical  intents  and  purposes  of  this  discussion.  Wa 
observe  at  this  point  that,  in  a certain  sense,  SCM  ia  a low-order 
approximation  to  SAM,  in  which  tha  matrix  A of  Section  2 ia  approxi- 
mated by  a diagonal  matrix  (compare  Rutherford,  1972) . 

Results  for  RMS  errors  strongly  support  those  presented  here 
for  skill  scores;  they  are  given  in  the  fourth  ar. ' sixth  columns 
of  Table  II.  Tha  statistical  significance  of  the  RMS  results  is  in- 
fluenced by  data  quantity  and  assimilation  method  in  the  same  way  as 
the  S^^  results,  and  so  are  the  mean  impacts;  the  values  of  RMS  mean 
impacts  are  of  tha  order  of  10  to  12  percent  for  the  best  SAM  experi- 
ments, and  5 to  7 percent  for  tha  SCM  experiments. 

It  appears  in  general  that  differences  in  initial  states  corre- 
late reasonably  wall  with  impact  on  forecasts  from  th  te  initial  states 
(v.  Subsection  4a) . Our  numerical  measures  of  impact  also  seem  to 
correlate  positively  with  improvements  in  the  capability  of  predicting 
local  weather  when  using  the  large-scale  numerically  predicted  fields 
for  guidance  (v.  Subsection  4d) . 
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Synoptic  Evaluation  of  For»c«it  Piff»r<inc»i 

It  !■  much  moro  dlftlcult  to  carry  out  a aubjactiva  com- 
pariaon  of  prognoatic  flalda  baaad  on  aynoptle  criteria  than  to  com- 
puta  a nunarical  maaaura  of  tha  diffaranca  batwaan  auch  fialda.  Thara- 
fora  wa  hava  to  limit  ouraalvaa  at  thia  point  to  the  praaantation  of 
a compariaon  of  tha  raaulta  for  axparimant  8566  (coda  33a)  with  thoaa 
for  tha  MOSAT  axparimant  7578.  Zn  thia  and  tha  naxt  aubaaetion  wa 
ahall  again  rafar  to  axparimant  8566  aimpLy  aa  2SAT. 

Tha  aynoptic  evaluation  of  foracaating  impact  for  tha  aatallita 
aounding  data  waa  performed  by  directly  compai . .g  tha  prognoatic 
charta  ganarat«i  from  2SAT  and  NOSAT  initial  conditiona  with  each 
other  and  with  tha  eorraaponding  NMC  analyaaa  for  verification.  Com- 
pariaona  wara  made  every  12  houra  for  a variety  of  prognoatic  fialda. 

Tha  raaulta  of  our  compariaona  for  tha  aaa-laval  praaaura  and 
500  mb  height  fialda  verified  over  North  America  at  the  and  of  aach 
72-hour  foracaat  are  praaantad  in  Table  III.  Tha  difference  plota 
on  which  thaaa  raaulta  are  baaad  are  given  in  Atlaa  and  Sakai  (1977)  . 
Tha  table  waa  prepared  by  firat  noting  tha  ragiona  of  moderate  to 
large  diffarencaa  between  tha  2SAT  and  NOSAT  prognoatic  fialda  and 
than  comparing  tha  actual  arrora  of  aach  ayatam  in  thaaa  ragiona. 


Table  ill.  Summary  of  regional  72h  foracaat  aynoptic 
impacta  7var  North  America.  Only  impact*  of  8mb  or 
larger  in  aaa-laval  praaaura  and  of  96  -'atera  or  larger 
in  500mb  gaopotential  hava  bean  included. 


A.  Saa-Laval  Praaaura 


foracaat  from 

Banaficrai 
Impacta 
(in  mb) 

Nagativa 
Impacta 
(in  mb) 

l^ab.  1 

fll 

-12 

3 

•*  8 

3 

*■16 

5 

- 8 

7 

■*16 

-16 

9 

*16 

9 

■*  8 

11 

■*12 

13 

■*  8 

19 

■*  8 

21 

■*  8 

!> 


191 


B.  SOOnib  G<opot»nti*l 


Forecast  from 

Beneficial 
Impacts 
(in  meters) 

Negative 
Impacts 
(in  meters) 

Feb.  1 

- 96 

3 

•tl60 

5 

96 

7 

-160 

9 

♦128 

11 

♦ 96 

13 

♦ 96 

19 

♦128 

21 

♦ 96 

Th«  table  shows  that  moderate  to  large  forecasting  impacts 
occur  in  nine  of  the  eleven  cases  and  that  more  than  two 
thirds  of  these  impacts  sre  beneficial.  As  a result,  there  are 
40-75%  reductions  of  specific  forecasting  errors  at  SOOmb  and  40-100% 
reductions  of  specific  errors  in  the  sea-level  pressure  forecast. 

One  example  of  a beneficial  forecasting  impact  over  North 
America  is  presented  in  Figure  3.  Figures  3a  and  3b  depict  the  72-hour 
SOOmb  prognostic  charts  from  February  19  for  the  NOSAT  and  the  2SAT 
case  respectively.  The  corresponding  nmc  analysis  is  depicted  in 
Figure  3c.  A comparison  of  these  three  charts  reveals  that  the  NOSAT 
prognosis  is  considerably  slow  in  its  movement  of  a trough  into  the 
Midwest  of  the  United  States  and  of  a ridge  off  the  East  Coast.  3oth 
of  these  systems  are  displaced  further  east,  in  better  agreement  with 
the  analysis,  by  the  2SAT  prognosis.  A detailed  synoptic  study  of 
t.ie  72-hour  prognostic  fields  over  North  America  was  also  carried 
out  for  the  forecast  started  on  03Z  Feb.  9 (Atlas  ar.d  Sakai,  1977)  . 

It  showed  considerable  improvement  in  the  steering  of  weather  systems 
by  the  2SAT  forecast- 

Differences  in  Local  Precipitation  Forecasts 

The  ultimate  objective  in  evaluation  of  satellite  data  i-mpact  is 
to  determine  what  the  impact  means  in  terms  of  the  accuracy  of 
actual  weather  predictions  that  might  be  issued  by  a local  weather 
forecaster.  In  order  to  assess  this  impact,  we  developed  a computer- 
ized forecasting  model  (CFH)  which  simulates  a human  forecaster's 
interpretation  of  a set  of  prognostic  charts  under  the  restrictive 
condition  that  no  modification  to  tht  numerical  prognostic  outout  is 
to  be  made.  The  CFM  was  found  quite  satisfactory  when  applied  to 
perfect  prognostic  fields,  i.e.,  to  analyied  observed  fields,  and 
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2 SAT 


ANALYSIS 


FItut*  3.  Synoptic  difforancoa  batwaan  nwarical  pradictions  froa  an  initial 
ttata  cont^ninq  taaparatura  loundinq  inforaation  and  5roa  ona  not  contain- 
inq  aueh  infoiaation.  Tha  casa  shown  it  tha  '2h  foraeaat  froa  03Z  Fabruary 
19  for  tha  2SAT  axpariaant  8S66  (Fiq.  3b)  and  tha  MOSAT  axpariaant  7S'8 
(fiq.  3a).  Tha  fialds  shown  ara  tha  SOO  fflb  qaopotantial  haiqht  fialda  o 
North  Aaarxca.  For  eoepariton.  Fiq.  3c  qivas  t.ha  oparational  analysis  of 
NMC  at  OOZ  Fabruary  22.  Claarly  tha  2SAT  foracstt  is  closar  to  tha  analysis 
than  tha  (CSAT  foracast. 
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v«rifi*d  against  observed  precipitation;  it  also  agreed  quite  well 
with  predictions  made  by  qualified  human  forecasters  using  the  same 
model  prognostic  fields.  The  CFM  is  described  and  further  details 
are  given  in  Atlas  and  Sakai  (1977) . 

CFM  local  precipitation  forecasts  were  generated  for  the  11 
test  cases  from  both  the  2SAT  and  the  NOSAT  prognostic  fields;  they 
were  generated  at  24h,  48h  and  72h  after  initial  time  for  123  cities 
uniformly  distributed  over  the  United  States.  Thus  a total  of 
2x3x11x128  “ 8,448  local  precipitation  forecasts  was  made  for  the 
comparison  we  discuss. 

Comparisons  of.  precipitation  forecasts  for  these  128  cities 
eure  presented  in  Table  IV.  The  number  of  correct  precipitation  fore- 
casts for  the  2SAT  and  NOSAT  systems  are  shown  only  for  those  cases 
in  which  the  two  systems  gave  rise  to  different  forecasts.  The 
systems  actually  differed  for  about  10  percent  of  all  fore- 
casts and  the  results  given  cover  the  cases  when  one  system  forecasts 
a precipitation  event  while  the  other  one  forecasts  no  precipitation. 
The  number  of  differe.'rt  forecasts  for  each  day  is  shown  for  all  the 
128  cities  considered  together  in  the  lower  horizontal  row.  At  24 
and  48  hours  there  is  a 12  percent  improvement  in  the  2SAT  system, 
while  at  72  hours  the  forecast  improvement  was  19  percent;  the  per- 
centual  improvement  is  computed  with  respect  to  the  total  number  of 
different  forecasts.  He  examine  in  the  upper  row  a separate  list 
of  17  cities  in  the  Midwest,  selected  because  they  are  less  influenced 
by  coastal  effects,  mountains,  or  the  warmer  Gulf  convective  systems, 
which  the  CFM  has  difficulty  accounting  for  in  its  present  form. 

In  the  case  of  these  cities  we  see  an  improvement  of  better  than  two 
to  one  in  forecasting  for  24  and  72  hours  and  an  even  larger  improve- 
.-nent  for  48  hours. 

Table  IV.  Summary  of  results  for  local  precipitation 
forecasting  in  cases  where  use  of  2SAT  and  NOSAT  prog- 
nostic fields  produced  different  forecasts.  "2SAT  bet- 
ter" means  that  the  CFM  produced  a correct  precipita- 
tion forecast  from  2SAT  prognostic  fields,  and  an  in- 
correct one  from  NOSAT  fields;  "NOSAT  better”  means 
the  opposite  was  the  case. 


24  h 48  h 72  h 

2SAT  NOSAT  2SAT  NOSAT  2SAT  NOSAT 

Setter  Better  Better  Better  Better  Better 

Midwest  (17)  n I 7 3 

All  US  cities  (128)  82  64 68  53 85  58 
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To  oxhibit  th«  correlation  between  numerical  impact  measures 
and  Impact  on  local  weather  forecasts  we  present  Tables  V and  VI. 

In  Table  V tre  9ive  skill  score  impacts  verified  at  72  hours 
over  North  America  for  each  forecast  separately.  In  Table  VI 
we  give  the  corresponding  precipitation  forecast  impacts.  We  observe 
large  numerical  impacts  in  both  i and  p^  for  the  forecasts  from 
February  3,  9>  11  and  13;  they  are  all  positive,  and  large  when  com- 
pared to  those  of  the  control  experiment  8405.  The  precipitation 
forecast  impacts  at  72  hours  are  large  when  compared  to  the  NOSAT 
experiment  for  February  9 and  11,  and  moderate,  but  still  positive 
for  February  3 and  13.  A large  positive  impact  also  occurs  on 
February  19;  while  the  numerical  measures  did  not  show  a strong 
impact  of  sounding  data  for  this  forecast,  the  synoptic  comparison 
(Subsection  4c)  did  show  a significant  improvement  in  the  2SAT  prog- 
nostic fields.  A large,  negative  impact  on  precipitation  forecast 
at  72  hours  occurs  for  February  15,  when  the  numerical  measures  show 
little  impact,  if  at  all.  • 


Table  V.  Daily  skill  score  impacts  verified  over 
North  America  at  72  hourr. 


500  mb  Heights  Sea-Level  Pressure 

2SAT  Control Ex-  2SAT  Control  Ex- 

Date  periment  (8405)  (B566)  periment  (8405) 


PibT  ~T 

IT8 

:T75 

-4.9 

=17715 

3 

9.4 

3.4 

8.4 

4.7 

5 

-2.2 

0.8 

-0.3 

-2.8 

7 

0.7 

-1.1 

10.2 

0.3 

9 

7.8 

1.2 

13.5 

1.4 

11 

5.9 

-2.1 

16.4 

-1.2 

13 

6.8 

1.1 

10.5 

5.2 

15 

1.9 

-3.3 

1.5 

-3.7 

17 

-4.5 

-1.8 

-5.7 

-4.5 

19 

4.7 

3.9 

-2.8 

5.8 

21 

5.4 

-0.9 

5.2 

-4.  3 

T7T3il.3 

-0.20i0.9 

TTnrm 

-1.01:1.6 

From  these  comparisons  we  conclude  to  the  need  for  much  more 
study  of  the  Interrelationship  between  initial  state  differences 
and  different  forecast  impact  measures.  The  preliminary  evidence, 
although  incomplete,  seems  to  point  in  the  direction  of  positive 
correlat . :;n  between  large  impacts  on  initial  state  determination  in 
data-sparse  areas,  on  the  one  hand,  and  large  impacts  on  the  dif- 
ferent quantities  measuring  the  accuracy  of  forecasts  at  48  and  72 
hours  over  data-rich  areas,  on  the  other. 


Tabl*  VI.  Daily  rasults  of  local  pracipitation  for#' 
casting  for  casaa  of  diffarant  foracasts.  The  rasults 
refer  to  128  U.S.  cities  and  are  verified  at  72  hours. 


Date 

2SAT 

Better 

NOSAT 

Better 

Feb.  1 

3 

6 

3 

8 

7 

S 

7 

5 

7 

7 

4 

9 

17 

8 

11 

3 

0 

13 

5 

3 

15 

8 

16 

17 

5 

3 

19 

21 

3 

21 

1 

3 

Totals 

CONCLUDING  REMARKS 

We  carried  out  a study  to  assess  the  effects  of  temperature 
sounding  data  from  satellite-borne  instruments  on  short-range  (1-  to  3- 
day)  weather  forecasting.  The  instruments  providing  the  data  were 
operational  and  experimental  temperature  sounders  aboard  the  NOAA-4 
and  Nimbus-6  satellites. 

We  performed  a number  of  experiments  in  which  satellite  data 
were  assimilated  to  produce  initial  states  for  numerical  forecasts 
by  a number  of  different  methods.  The  experiments  used  data  from 
the  DST-  ) period.  The  methods  considered  were  direct  insertion  (DIM) , 
asynoptic  successive  corrections  (SCM)  and  time-continuous  statistical 
assimilation  (SAM) . 

Results  of  our  experiments  allow  us  to  draw  a number  of  con- 
clusions; (i)  satellite-derived  temperature  data  can  have  a modest, 
but  statistically  significant  positive  impact  on  numerical  weather 
forecasts,  as  verified  over  the  continents  of  the  Northern  Hemisphere; 
(ii)  thi.'  i,..pact  is  highly  sensitive  to  the  quantity  of  the  data — 
the  impact,  of  a two-satellite  system  is  larger  than  that  of  one 
satel. .te  by  an  amount  roughly  proportional  to  the  quantity  of  data 
pr<..wided;  (iii)  the  assimilation  method  plays  a major  role  in  the 
magnitude  of  the  impact  for  the  same  data— direct  insertion  had  a 
practically  null  impact,  while  SCM  provided  about  half  the  impact 
obtained  with  SAM. 

The  impact  for  the  best  method  tested  and  the  full  amount  of 
data  ava- .able  was  about  S percent  in  skill  score  and  12  percent 
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in  RMS  error! ; these  correspond  to  the  possibility  of  sn  extension 
of  about  8-I2h  in  the  usefulness  of  numerical  weather  prediction  (MKP) 
in  the  range  between  48h  and  72h.  There  are  indications  that  local 
weather  . orecasts  using  large-scale  NWP  results  as  guidance  can  be 
similarly  improved. 

He  are  presently  further  refining  our  statistical  assimila- 
tion method  of  the  sounding  data  and  of  applying  it  to  data  from  the 
entire  OST-6  period.  He  intend  also  to  adapt  SAM  to  the  assimilation 
of  cloud-track  wind  data  from  geostationary  satellites,  and  we  expect 
eventually  to  apply  it  to  FGGE  (First  Global  GARP  Experiment)  data. 

Our  results  point  to  two  major  areas  in  which  improvements 
can  bring  about  larger  impacts  of  satellrte-borne  sounding  systems. 
First,  instrument  development  to  improve  the  accuracy  and  vertical 
resolution  of  the  sounder  temperature  profiles  themselves.  At  present 
vertical  temperature  profiles  derived  from  satellite  sounding  radiance 
data  have  2-2.5* C R21S  errors  when  compared  with  co-located  radiosonde 
profiles.  Although  this  accuracy  falls  short  of  meeting  GARP  (Global 
Atmospheric  Research  Program)  requirements,  we  have  shown  that  the 
data  are  still  capable  of  producing  modest  impacts  when  propertly 
utilized.  However,  the  deficiencies  in  the  quality  of  the  data  can 
only  partially  be  compensated  for  by  special  retrieval  and  assimila- 
tion methods.  There  is  certainly  a need  for  continuous  data  monitor- 
ing and  for  continued  development  of  retrieval  and  of  assimilation 
methods.  Moreover,  close  interaction  between  retrieval  and  assimila- 
tion methods  seems  to  hold  great  promise.  But  the  most  important  re- 
quirement IS  still  that  of  instrument  pac)cages  with  greater  accuracy 
and  resolution,  capable  of  providing  reliable  soundings  under  all 
atmospheric  conditions. 

Second,  mmierical  prediction  models  themselves  must  be  improved 
to  ma)«e  better  use  of  the  sounding  data.  In  order  to  successfully 
assimilate  asynoptic  data  and  have  them  contribute  to  more  accurate 
forecasts,  it  is  necessary  that  the  model  be  able  to  convey  informa- 
tion accurately  over  extended  distances  and  periods  of  time  from  one 
region  of  the  globe  to  another.  Improvement  in  forecasting  models 
can  only  proceed  by  a judicious  combination  of  higher  grid  resolutions 
more  accurate  numerical  discretization  methods,  and  better  representa- 
tions of  atmospheric  processes  in  the  model. 

We  hope  that  a concerted  effort  in  designing  better  observing 
instruments  and  systems,  refining  the  methods  for  processing  and  as- 
similating their  observations,  and  developing  better  numerical  models 
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will  land  to  conaidarabl*  Improvemcnta  In  nunarical  waathar  pradiction 
and  to  battar  undaratandin?  of  tha  atnoapharic  circulation;  thaaa 
ara  tha  goala  of  tha  Global  Atmoapharlc  Rasaarch  Program. 
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Abstract 

A preliminary  documentation  of  the  Band  Fourth  Order  Global  Atmospheric 
Model  has  been  compiled.  It  contains  the  dynamic  equations  for  atmospheric 
motion,  finite  difference  equations,  a discussion  of  the  structure  and  flow 
chart  of  the  program  code,  a copy  of  the  code  and  three  relevant  papers. 
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Numerical  Simulation  of  Ozone  Production,  Transport  and  Distribution 
with  a Global  Atmospheric  General  Circulation  Model 
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ABSTRACT 

The  production,  transport  and  distribution  of  ozone  are  simulated  for  a January  with  a global  atmospheric 
general  circulation  model.  In  this  model  the  ozone  influences  the  radiational  heating  as  well  as  the 
photochemical  ozone  production  and  destruction,  the  radiational  healing  influences  the  atmospheric 
circulation,  and  the  circulation  redistributes  the  ozone. 

The  model  has  fairly  successfully  simulated  the  synoptic  and  time-averaged  observed  large-scale 
fields  of  temperature,  mass,  and  velocity  in  the  troposphere  and  stratosphere,  although  there  are 
some  deficiencies.  In  parucular,  the  simulated  temoeratures  are  loo  cold  in  the  lower  and  middle  strato- 
sphere in  the  polar  regions,  the  sea  level  pressure  is  too  high  in  the  Arctic  and  in  the  Antarctic  circumpolar 
trough,  and  the  flow  field  in  the  middle-latitude  troposphere  does  not  show  the  observed  wave- 
number  3. 

Despite  these  shortcomings,  the  model  has  simulated  the  observed  high  correlation  of  synoptic 
and  time-averaged  total  ozone  with  the  tropospheric  height  field  in  middle  latitudes,  with  the  ozone 
maxima  and  minima,  respectively,  located  at  the  troughs  and  ndges  of  the  tropospheric  waves.  The 
deficiencies  which  are  seen  in  the  time-averaged  0,  distribution  are  attnbutable  to  recognized  deficiencies 
of  the  genera]  circulation  model. 

In  the  tropics  there  is  a vertically  integrated  transport  of  0,  fiom  the  summer  to  the  winter 
hemisphere  which  is  almost  entirely  produced  by  the  mean- meridional  circulation.  In  the  middle 
latitudes,  in  both  hemispheres.  0,  is  transponed  toward  the  equator  by  the  mean- meridional  circula- 
tion and  toward  the  poles  by  the  zonal  eddies;  but  the  eddy  transport  dominates,  so  that  the  net  O,  trans- 
port is  poleward.  In  the  high  latitudes  in  both  hemispheres,  there  is  a reversal  in  the  directions  of  the 
two  components  ot  the  O,  transport;  but  here  the  transport  by  the  mean-meridional  circulation 
dominates,  so  that  the  net  transport  continues  to  be  poleward. 

In  the  individual  latitudes,  the  zonally  integrated  vertical  transport  of  ozone  is  dominated  by  the 
transport  by  the  mean-mendional  circulation;  but  integrated  over  the  globe,  the  vertical  O,  transport 
is  dominated  by  the  eddy  transport.  Between  20  and  31  km  elevation,  the  globally  integrated  vertical 
0,  transport  is  a countergradient  transport  with  respect  to  the  globally  integrated  0,  mixing  ratio. 

The  divergence  of  the  0,  transport  maintains  the  ozone  below  its  photochemical  equilibrium  con- 
centration in  the  tropics  and  subtropics,  and  the  convergence  of  the  O,  transport  maintains  the 
ozone  above  its  photochemicai  equilibrium  concentration  in  the  middle  and  high  lautudes  of  both 
hemispheres.  In  this  way.  both  the  atmospheric  motions  a,id  the  O,  photochemistry  determine  the 
O,  sources  and  sinks. 

The  globally  integrated  photochemical  production  of  ozone  exhibits  variations  with  periods  of  a day 
and  less.  These  high-fiequency  oscillations  are  due  to  the  quasi-stationary  longitudinal  vanauon  in 
the  ozone  that  is  produced  by  the  0,  transpons. 


1.  Introduction 

Photochemical  theory  explains  the  existence  of 
ozone  in  the  earth’s  atmosphere,  but  not  its  ob- 
served distribution  in  space  and  time.  According 
to  the  photochemicai  theory  developed  by  Chapman 
( 1930a, b.c).  solar  ultraviolet  (UV)  radiation  photo- 
dissociates  molecular  oxygen,  and  the  resulting 
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atomic  oxygen  combines  with  molecular  oxygen  to 
produce  ozone.  The  ozone  is  also  photodissociated 
by  solar  UV  radiation  and  in  addition,  is  destroyed 
by  recombination  with  atomic  oxygen  ( the  Chapman 
mechanism)  Recent  findings  have  shown  that  0] 
destruction  by  the  Chapman  mechanism  is  responsi- 
cle  for  only  abot  20%  of  the  total  destruction 
which  is  required  balance  the  global  Os  produc- 
tion (Johnston  and  Whitten.  1973).  Several  possible 
chemical  destruction  mechanisms  have  been  con- 
sidered, but  it  now  appears  that  the  oxides  of  nitro- 
gen and  hydrogen  are  the  predominant  O3  destroy- 
ing agents. 
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Photochemical  theory  predicts  a decrease  of  total 
0)  from  the  equator  toward  higher  latitudes  and  a 
summer  maximum  and  winter  minimum  of  total  O3. 
However,  observations  show  that  the  total  O3  in- 
creases from  the  equator  toward  higher  latitudes 
and  has  a winter-spring  maximum  and  summer-fall 
minimum  (Diitsch,  1969).  It  has  been  proposed  that 
this  would  be  the  result  of  a net  poleward  transport 
of  ozone  by  the  mean-meridional  circulation  if  the  air 
moves  poleward  at  high  altitudes,  where  the  Oj 
mixing  ratio  is  large,  and  equatorward  at  low  alti- 
tudes, where  the  O3  mixing  ratio  is  small  (Dobson 
et  al..  1929;  Brewer,  1949:  Dobson,  1956,  1973). 
It  has  also  been  proposed  that  zonal  eddies  in  the 
atmospheric  motion  field  would  produce  a net  pole- 
ward  O3  transport  if,  in  the  stratosphere,  the  pole- 
ward  moving  and  descending  air  parcels  contain 
more  O3  than  the  equatorward  moving  and  ascending 
air  parcels  (Newell  1961,  1963a.b,  I964a,b;  Newell 
era/..  1966,  1973). 

To  determine  the  O3  transports,  one  must  know 
the  O3  concentration  and  the  horizontal  and  verti- 
cal velocity  components  as  functions  of  space  and 
time.  At  present,  our  knowledge  of  these  is  not 
sufficiently  accurate  to  calculate  the  O3  transports 
from  the  observations. 

A number  of  simulation  studies  have  been  made  of 
O3  production,  transport  and  distribution  with  two- 
dimensional  (i.e.,  zo.nally  averaged)  atmospheric 
models.  A recent  study  of  this  kind  is  the  one  by 
Harwood  and  Pyle  (1977).  But  these  models  have 
two  shortcomings.  The  first  is  that  the  horizontal  and 
vertical  transports  of  momentum,  heat  and  ozone  by 
large-scale  atmospheric  eddies  (which  play  a critical 
role  in  determining  the  sources,  sinks  and  distnbu- 
tions  of  these  variables)  must  be  parameterized 
as  functions  of  the  zonally  averaged  variables;  but 
there  is  no  general  agreement  as  to  how  this  can  be 
correctly  done.  The  second  shoncoming  is  that  these 
models  tell  us  nothing  about  the  zonal  variations  of 
the  O3  distribution  nor  about  the  processes  which 
produce  those  east- west  variations. 

We  can  avoid  these  shortcomings  by  simulating 
the  O3  production,  transport  and  distribution  with  a 
three-dimensional  general  circulation  model  in 
which  the  large-scale  atmospheric  eddies  are  ex- 
plicitly resolved.  Studies  of  this  kind  have  been 
made  by  Hunt  and  Manabe  (1968),  Hunt  (1969). 
Clark  (1970),  Mahlman  (1972),  London  and  Park 
(1973,  1974).  Newson  (1974)  and  Cunnold  et  al. 
(1975).  In  ail  of  those  studies,  however,  some  of 
the  interactive  processes  which  determine  the  O3 
distribution  were  either  ignored  or  were  highly 
constrained.  Hunt  and  Manabe  (1968).  Mahlman 
(1972),  London  and  Park  il973)  and  Newson  (1974) 
calculated  the  three-dimensional  O3  transports  as  a 
function  of  the  simulated  atmospheric  motions,  but 


ignored  the  photochemical  production  and  destruc- 
tion of  ozone  and  the  influence  of  the  predicted 
ozone  on  the  radiational  heating  and.  consequently, 
its  feedback  on  the  atmospheric  motions.  Hunt 
(1969)  and  London  and  Park  (1974)  included  the 
O3  photochemistry  as  well  as  the  transports,  but 
did  not  use  the  predicted  ozone  when  calculating  the 
radiational  heating  and  the  atmospheric  motions. 
Clark  (1970)  and  Cunnold  et  al.  (1975)  included 
the  transport,  the  photochemistry  and  the  radia- 
tional heating  influence  of  the  predicted  ozone  on 
the  stratospheric  circulation;  but  in  their  general 
circulation  models,  the  tropospheric  circulation,  to 
which  the  stratospheric  circulation  is  strongly 
coupled,  was  highly  constrained  by  an  empirically 
based  Newtonian-type  heating  of  the  troposphere. 

In  the  present  study  we  have  sought  to  simu- 
late the  global  O3  production,  transport  and  distribu- 
tion with  a numerical  general  circulation  mode!  in 
which  the  O3  photochemistry,  the  radiational  heat- 
ing and  the  63  transports  are  coupled  and  inter- 
active, and  in  which  the  tropospheric  heating  is 
realistically  modeled.  We  have  used  a version  of  the 
atmospheric  general  circulation  model  that  was  de- 
veloped by  the  UCL.A  general  circulation  research 
group  for  this  and  other  purposes,  and  in  which 
ozone  is  one  of  the  prognostic  variables.  In  this 
■nodel,  the  ozone  influences  not  only  its  photochem- 
ical production  and  destruction,  but  also  the  at- 
mospheric radiational  heating:  this  radiational  heat- 
ing influences  the  atmospheric  circulation,  and  the 
circulation  redistnbutes  the  ozone. 

2.  Description  of  the  model 

A detailed  account  of  the  design  of  the  atmos- 
pheric general  circulation  model  has  been  given  by 
Arakawa  and  Mintz  (1974)  and  .Araxawa  and  Lamb 
(1977).  What  follows  is  a bnef  desenption  ol  the 
model. 

a.  Prognostic  anJ  diagnostic  variables 

The  principal  prognostic  variables  of  the  model 
are  the  horizontal  velocity,  temperature  and  surface 
pressure,  governed,  respectively,  by  the  horizontal 
momentum  equation,  the  thermodynamic  energy 
equation  and  the  surface  pressure  tendency  equa- 
tion. With  the  mass  continuity  equation  and  the 
hydrostatic  equation,  and  appropnate  boundary 
conditions,  these  equations  form  a closed  system 
for  an  adiabatic  and  fnctionless  atmosphere. 

But  the  general  circulation  of  the  atmosphere  is 
the  large-scale,  thermally  driven  field  of  motion 
in  which  there  are  interactions  between  the  heat- 
ing field  and  the  motion  field.  Therefore,  several 
additional  prognostic  variables,  with  corresponding 
governing  equations  and  appropnate  boundary 
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conditions,  must  be  added  to  simulate  the  heating. 
Because  the  radiational  heating  of  the  stratosphere 
is  strongly  governed  by  ozone,  which  varies  in 
space  and  time,  ozone  was  made  a prognostic 
variable  of  the  model,  governed  by  an  0)  continuity 
equation  with  parameterized  sources  and  sinks. 
An  even  more  important  prognostic  variable  which 
influences  the  heating  is  water  vapor,  which  is 
governed  by  the  water  vapor  continuity  equation. 
Because  the  source  and  sink  terms  in  the  water  vapor 
continuity  equation  and  in  the  thermodynamic 
energy  equation  depend  on  subgrid-scale  cumulus 
convection,  the  model  has  a parameterized  penetra- 
tive cumulus  convection,  based  on  the  theory  of 
Arakawa  and  Schubert  (1974).  which  interacts 
with  a parameterized  planetary  boundary  layer.  The 
boundary-layer  depth  and  the  temperature  dis- 
continuity and  moisture  discontinuity  at  the  top  of 
the  boundary  layer  are  also  prognostic  variables  of 
the  model  (see  Randall.  1976). 

Because  there  can  be  ^ large  diurnal  heat  storage 
in  the  soil,  because  water  stored  in  the  soil  can 
be  a significant  source  o^  water  vapor  for  the 
atmosphere,  and  because  snow  lying  on  the  ground 
can  have  a large  influence  on  the  surface  albedo 
and  also  be  a significant  water  vapor  source,  the 
soil  temperature,  soil  water  storage  and  mass  of 
snow  on  the  ground  are  prognostic  variables  of 
the  model,  governed  by  energy,  water  and  snow 
budget  equations  for  the  ground. 

In  addition  to  the  prognostic  variables,  the 
model  has  many  diagnostic  variables  (physical 
state  parameters  whose  magnitudes,  rather  than 
whose  time  rates  of  change  of  magnitude,  are  de- 
termined by  the  governing  equations).  Among  the 
more  important  of  these  are  the  different  types  of 
clouds  which  form  with  the  release  of  latent  heat. 
These  clouds  affect  the  solar  and  longwave  radi- 
ational heating  of  the  air.  Any  model  layer  below 
100  mb  which  is  saturated  is  taken  to  be  filled  with 
cloud.  In  addition,  if  the  top  of  the  planetary 
boundary  layer  is  saturated  it  has  a sublayer  of 
stratus  cloud.  Furthermore,  if  the  parameterized 
cumulus  convection  has  penetrative  cumulonimbi 
which  detrain  at  levels  higher  than  400  mb,  the 
layer  in  which  the  detrainment  takes  place  is  taken 
to  be  filled  with  cloud.  Clouds  colder  than  -40*C  or 
ab'ive  400  mb  are  taken  to  be  ice  crystal  clouds, 
and  clouds  warmer  than  -40*C  and  below  400  mb 
are  taken  to  be  wattr  droplet  clouds. 

b.  Physical  processes 

In  addition  to  the  three-dimensional  trai.  orts 
of  the  prognostic  variables,  the  sources  and  sinks  of 
the  vanables  are  calculated. 

For  the  horizontal  velocity,  the  dominating 


source  and  sink  terms  in  the  horizontal  momentum 
equation  are  a fnctional  drag  at  the  surface  of  the 
earth,  with  a subgrid-scale  vertical  eddy  flux  of 
horizontal  momentum  within  the  planetary  boundary 
layer;  and  a subgrid-scale  vertical  eddy  flux  of 
horizontal  momentum  within  the  free  atmosphere 
which  depends  on  the  parameterizei^  cumulus 
convection. 

For  the  temperature,  the  source  and  sink  terms 
in  the  thermodynamic  energy  equation  are  a solar 
and  longwave  radiational  heating;  a sensible  heat 
flux  across  the  earth's  surface,  with  a subgrid- 
scale  vertical  eddy  flux  of  heat  and  a release  of  heat 
of  condensation  within  the  planetary  boundary 
layer;  a subgrid-scale  vertical  flux  >f  ensible  heat 
and  a release  of  heat  of  condensation  by  the  param- 
eterized cumulus  convection:  and  a heating  by 
large-scale  condensation  and  cooling  by  evaporation 
of  the  failing  raindrops.  The  solar  and  longwave 
radiation  parametenzations  are  modified  and  ex- 
tended versions  of  the  methods  developed  by 
Katayama  (1972)  for  the  UCLA  tropospheric 
general  circulation  models.  For  the  solar  radiation, 
the  effects  of  water  vapor  and  ozone  absorption, 
molecular  scattenng,  and  the  scattering  and  ab- 
sorption by  clouds  are  included.  For  the  longv/ave 
radiation,  up  to  the  30  km  level,  the  emission 
and  absorption  by  water  vapor,  carbon  dioxide  and 
ozone  are  included;  and  the  clouds  are  treated  as 
blackbodies  if  they  are  water  droplet  clouds  and  as 
grey  bodies,  with  emissivity  of  one-half,  if  they  are 
ice  crystal  clouds.  But  above  50  km.  the  longwave 
radiational  cooling  is  calculated  using  the  approxi- 
mation of  Dickinson  (1973).  Schlesinger  (1976a. 
Appendix  A)  has  given  a detailed  descnption  of 
the  entire  radiation  calculation  scheme  in  this 
general  circulation  model. 

For  the  water  vapor,  the  source  and  sink  terms  in 
the  water  vapor  continuity  equation  are  an  evapo- 
transpiration  at  the  eanh's  surface,  with  a subgnd- 
scale  vertical  eddy  flux  of  water  vapor  within  the 
planetary  boundary  layer;  a subgnd-scale  vertical 
eddy  flux  of  water  vapor  and  condensation  by 
the  parameterized  cumulus  convection;  and  large- 
scale  condensation  and  evaporation  of  the  falling 
raindrops. 

For  the  ozone,  the  source  and  sink  terms  in  the 
0]  continuity  equation  are  a highly  simplified  photo- 
chemistry above  the  1(X)  mb  level,  following  Cun- 
nold  et  al.  ( 1975).  in  which  Oj  is  the  only  prognostic 
variable;  and  a subgrid-scale  vertical  eddy  flux  of 
0)  within  the  planetary  boundary  layer  with  destruc- 
tion by  heterogeneous  chemical  reactions  at  the 
earth's  suriace  parameterized  following  Cunnold 
et  al.  (1975). 

The  photochemical  production  and  destruction  of 
ozone  is  based  on  the  Chapman  reactions 
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20, 

0 + Oj  + A/  — I Oj  + iVf, 

Oj  + hv  ^ Oj  + 0, 
0 + 0,  ^ 20,. 

and  the  NO-NO,  catalytic  cycle 

NO  + O,  ^ NO,  + 0„ 


neighboring  grid  points.  The  scheme  has  a generally 
diffusive  character  because,  for  given  O,  mixing 
ratios  and  mass  transport,  the  O,  transport  is 
greater  with  the  arithmetic  mean  than  with  the 
harmonic  mean. 

The  transport  of  O,  by  the  vertical  velocity 
was  initially  calculated  with  the  above  scheme; 
but,  for  the  reason  given  below,  this  scheme  was 
replaced  by  a space-centered  sc  hen  e which  is  based 
on  the  conservation  of  the  global  .ntegral  with  re- 
spect to  mass  of  the  logarithm  of  the  Oj  mixing 
ratio  (Schlesingcr,  1976a). 


NO,  H-  0 ^ NO  + 0,. 

NO,  + hv  ^ NO  + O. 

The  HO,  reactions  of  the  Cunnold  et  dl.  (1975) 
photochemical  model  are  not  included  here  because 
their  results  showed  that  these  reactions  are  im- 
portant only  above  45  km,  which  would  involve  only 
our  model's  uppermost  layer. 

The  chemical  reaction  rates  k,  are 

t,  - 6.6  X 10*“  exp(510/T)[cm*  s*'], 

h,  - 1.9  X 10-"  exp(-2300/T)[cm"  s*']. 

- 9 X 10-‘>  exp(-1200/T)(cm*  s*']. 

h,  - 9.1  X 10-‘*[cm»  s*']. 

and  the  photodissociation  rates  jt  are 


Mz) 


r 


exp 


-sec{  T oxjt  [*  nt(:)d: 


dx. 


c.  Prescribed  Parameters 

The  following  are  the  prescribe.  meters  of 
the  model: 

• Radius,  surface  gravity  and  rotation  speed  of 
the  planet 

• Solar  constant  and  orbital  parameters  of  the 
planet 

• Total  atmospheric  mass 

• Thermodynamic  and  radiation  constants  of  the 
atmospheric  gases  and  clouds 

• Geographic  distribution  of  open  ocean,  ice- 
covered  ocean,  ice-ffee  land  and  land  covered 
by  glacial  ice 

• Ocean  surface  temperature 

• Thickness  of  the  sea  ice 

• Surface  elevation 

• Surface  roughness 

• Distribution  of  NO,. 


Here  /n.,  is  the  extraterrestrial  monochromatic 
photon  flux  per  unit  wavelength,  a^.i  the  absorption 
cross  section  of  species  i at  wavelength  X,  n^{z)  the 
number  density  of  species  k at  altitude  ( the  solar 
zenith  angle,  and  the  summation  extends  over  all 
species  k that  absorb  in  the  spectral  region  where 
species  / photodissociates.  The  photodissociation 
rates  are  computed  by  a linear  bivanate  interpola- 
tion of  precomputed  values  of  j,  as  a function  of  the 
0,  and  O,  absorber  amounts  (Schlesinger.  1976a). 

Because  the  three-dimensional  distribution  of 
NO,  is  not  known,  the  NO,  distribution  is  pre- 
scribed to  vary  only  in  the  vertical  following  the 
one-dimensional  profile  calculated  by  McElrov 
</a/.  (1974). 

The  transport  of  ozone  by  the  horizontal  velocity 
component  is  calculated  with  a space-centered 
scheme.  For  a downgradient  transpon.  an  arithmetic 
mean  of  the  0,  mixing  ratios  is  used:  for  a counter- 
gradient transport,  a harmonic  mean  is  used.  This 
scheme  reduces  the  spunous  generation  of  negative 
0,  mixing  ratios  produced  by  time-  and  space-trun- 
cation errors,  and  any  remaining  generation  of  nega- 
tive 0,  mixing  ratios  is  prevented  by  decreasing 
the  magnitude  of  the  horizontal  0,  flux  between 


In  the  present  study,  the  prescribed  ocean  sur- 
face temperatures  and  the  presenbed  distribution 
and  thickness  of  the  sea  ice  are  the  observed 
annual  means. 

The  albedo  of  the  earth' s surface  is  in  part  pre- 
scribed and  in  part  diagnostically  determined.  Ice- 
free  ocean  has  a presenbed  albedo  of  0.07  and  the 
sea  ice  and  snow-free  glacial  ice  have  prescribed 
albedos  of  0.40.  The  albedo  of  the  predicted  snow 
cover  is  a diagnostic  vanable,  taken  as  0.65  when  the 
snow  is  colder  than  its  melting  temperature  and  as 
0.50  when  the  snow  is  at  its  melting  temperature. 

The  albedo  of  the  ice-free  and  snow-free  land  is 
also  diagnostically  determined.  It  is  made  to  vary 
linearly  from  an  albedo  of  0 28  w here  the  e vapotran- 
spiration  coefficient  is  zero,  to  an  albedo  of  0 12 
where  the  evapotranspiration  coefficient  is  unity. 
The  evapotranspiration  coefficient,  th.r  rauo  of  the 
actual  to  the  potential  evapotranspir..inon.  is  in  turn 
made  to  vary  with  the  amount  of  water  in  the  soil, 
from  zero  where  there  is  no  cvapotranspiration- 
available  soil  water,  to  unity  where  the  soil  water 
exceeds  one-third  of  the  field  capacity  (which  is 
taken  as  15  gm  of  water  cm  -l  It  is  through  this 
dependence  of  beth  the  evapotranspiration  and  the 
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surface  albedo  on  the  amount  of  water  in  the  soil 
that  we  have  parameterized  the  interaction  of  the 
atmospheric  circulation  and  the  surface  vegetation. 

d.  Vertical  structure 

Fj.  1 shows  the  vertical  structure  of  the  model. 
The  lower  boundary  follows  the  earth's  surface  ele- 
vation (the  topography)  which  is  prescribed.  The 
upper  boundary  is  the  1 mb  pressure  surface,  which 
is  the  approximate  pressure  of  the  observed  strato- 
pause.  'The  model  atmosphere  is  divided  into  12 
layers  and  the  boundaries  of  these  layers  follow  the 
coordinate  surfaces  of  a generalized  cr-coordinate. 
From  1 to  100  mb  there  are  seven  layers,  each  of 
which  has  equal  thicluiess  in  log  p and  is  bounded 
by  constant  pressure  surfaces.  From  100  mb  to  the 
earth's  surface  the  mass  is  divided  into  five  layers  in 
the  ratios  1;2:2:2:2.  The  dashed  lines  in  the  figure 
show  the  levels  at  which  the  prognostic  variables 
of  horizontal  velocity,  temperature,  ozone  and  water 
vapor  are  carried  for  each  of  the  twelve  layers. 
.These  levels  are  centered  in  logp  for  the  layers 
above  100  mb,  and  are  centered  in  p for  the  layers 
below  100  mb. 

The  uppermost  layer  of  the  model,  called  the 
"sponge  layer",  has  a damping  term  designed  to 
absorb  upward  propagating  wave  energy  and  thus 
prevent  a spurious  refiection  of  wave  energy  at  the 
upper  boundary. 

e.  Horizontal  coordinates,  grid  size  and  time  step 

The  horizontal  coordinates  are  longitude  and  lati- 
tude. The  grid  size  is  5*  of  longitude  and  4*  of  lati- 
tude, which  makes  the  two  grid  distances  equal  at 
37*  latitude.  To  avoid  having  to  use  an  extremely 
short  time  step  because  the  meridians  converge 
toward  the  poles,  a longitudinal  averaging  is  done 
of  selected  terms  in  the  prognostic  equations 
(Schlcsinger,  1976b).  The  basic  time  step  is  6 min, 
but  the  source  and  sink  terms  and  the  vertical  trans- 
ports of  water  vapor  and  ozone  use  a time  step 
of  30  min. 

/.  Mathematical  aspects 

Arakawa  (1966,  1970)  developed  the  principle 
that  the  statistical  properties  of  the  finite-difference 
solution  of  the  govuming  equations  of  atmospheric 
motion  will  approximate  those  of  the  continuous 
solution  if  the  important  integral  constraints  are 
maintained.  The  integral  constraints  which  are 
maintained  in  the  present  UCLA  general  circulation 
model  (Arakawa  and  Lamb,  1977)  are  1)  conserva- 
tion of  total  mass:  2)  conservation  of  total  kinetic 
energy  during  inertial  processes;  3)  conservation 
of  enstrophy  (mean-square  vorticity)  during  vorticity 
advection  by  the  nondivergent  part  of  the  honzon- 


ZOun)  pVnM 


Fic.  1.  Vcnical  structure  of  the  model.  The  prognostic  vwi- 
•blcs  of  horizontal  velocity,  temperature,  water  vapor  and  ozone 
are  carried  on  the  o-surfaces  shown  by  the  dashed  lines. 

tal  velocity  (on  a plane);  4)  the  integral  constraint 
on  the  pressure  gradient  force;  S)  conservation  of 
tou?  energy  during  adiabatic  and  nondissipative 
processes;  and  6)  conservation  of  total  entropy  and 
total  potential  enthalpy  during  adiabatic  processes. 

In  the  present  model  the  variables  are  distributed 
over  the  horizontal  grid  points  according  to  the 
scheme  which  best  simulates  inertia-gravity  waves 
and  the  geostrophic  adjustment  process  (Arakawa 
and  Lamb,  1977).  Consequently,  solutions  with  this 
scheme  are  free  from  the  highly  ageostrophic  com- 
putational noise  which  commonly  exists  in  solutions 
obtained  with  other  schemes. 

The  vertical  difference  scheme,  when  applied  to 
levels  equally  spaced  in  logp,  guara.htees  that  the 
vertical  wavenumber  of  a planetary  wave,  for  a given 
equivalent  depth,  is  constant  in  height  for  an  iso 
thermal  atmosphere,  just  as  it  is  in  the  continuous 
case  (Arakawa  and  Mintz,  1974).  This  is  one  of  the 
important  properties  of  the  model,  namely,  that 
there  is  little  or  no  spurious  internal  reflection  of 
vertically  propagating  wave  energy  due  to  the 
discretization. 

g.  Initialization 

For  the  present  study,  the  prognostic  variables 
of  the  model  were  initialized  in  the  following  way. 
For  the  cr-surfaces  below  100  mb.  the  horizontal 
velocity,  temperature  and  water  vapor  mixing  ratio 
were  initialized  by  venical  interpolation  from  a 
day  at  the  beginning  of  December  which  was  the 
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result  of  a long  integration  that  had  been  made 
with  an  earlier  UCLA  three-level  tropospheric  gen- 
eral circulation  model.  The  initial  surface  pres- 
sure, ground  temperature,  soil  water  storage  and 
mass  of  snow  on  the  ground  were  also  taken  from 
the  three-level  model  results  for  that  day.  (The 
initial  state  for  the  integration  of  the  thrM-level 
model  was  one  in  which  the  temperature  field  was 
three-dimensionally  isothermal,  the  velocity  was 
zero  everywhere,  the  surface  pressure  was  every- 
where equal  to  the  global-mean  surface  pressure, 
and  there  was  no  water  vapor  in  the  air,  no  water 
stored  in  the  soil  and  no  snow  on  the  ground.) 

For  the  o-surfaces  abo  e 100  mb,  the  initial  tem- 
perature for  this  study  .'as  taken  as  varying  only 
with  pressure,  using  the  Mid-Latitude  Spring/Fail 
temperature  profile  in  the  U.  S.  Standard  Ar'  os- 
phere  Supplements  (1966).  The  initial  horizontal 
velocity  a^ve  100  mb  was  set  equal  to  the  geo- 
strophic  velocity,  except  at  the  equator,  where  it 
was  set  equal  to  the  mean  of  the  geostrophic  veloci- 
ties at  4’N  and  4'’S.  The  initial  water  vapor  mixing 
ratio  above  100  mb  was  taken  as  zero.  The  O3  mix- 
ing ratio  was  initialized  from  the  obsenred  zonal- 
mean  O3  number  density  for  December,  based  on 
the  Ozone  Data  for  the  World  (1960-72),  and  on 
the  initial  air  density  of  the  model.  The  initial  sun 
declination  and  sun  distance  were  taken  for  the 
beginning  of  December.  The  prescribed  NO*  profile 
was  taken  equal  to  the  profile  of  McElroy  et  al.  (1SJ74). 

Several  ti . .;s  during  the  first  60  simulated  days 
of  integration,  small  programming  and  coding  er- 
rors were  detected  and  corrected.  At  these  times 
the  sun's  declination  and  distance  were  set  back 
some  days  (re-initialized),  but  no  re-initialization 
was  made  of  the  prognostic  variables. 

By  Day  60,  however,  it  was  apparent  that  the 
original  formulation  for  the  vertical  ozone  transport, 
which  was  the  arithmetic-harmonic  mean  scheme, 
was  producing  a large,  computationally  false, 
downward  transport  of  O3  (Schlesinger,  1976a).  To 
correct  this  computational  error,  the  logarithmic- 
conserving  scheme  was  introduced  on  Day  60,  and 
the  sun’s  declination  and  distance  were  set  back, 
for  the  last  Mme,  to  20  December.  The  O3  number 
density  was  re-initialized  to  the  observed  zonal 
mean  for  December  with  a lower  bound  of  0.04  p.g 
g~'  taken  for  the  re-initialized  Cj  mixing  ratios  for 
the  <r-leveis  below  400  mb.  To  make  the  simulated 
global  photochemical  0,  source  closer  to  the  ob- 
served nominal  surface  0]  sink  given  by  Tiefenau 
and  Fabian  (1972)  (5  x 10*  ton  year"'  or  15.85  ton 
s~‘\  the  magnitude  of  the  prescribed  NO]  profile 
was  reduced  by  43.5%.  As  noted  by  McElroy  et  al. 
(1974)  and  Cunnold  et  al.  (1975),  such  a reduction 
brings  the  presenbed  NO]  distribution  into  closer 
agreement  with  the  observations  of  Ackerman  and 


Muller  (1972)  and  Murcray  et  al.  (1974)  in  the  alti- 
tude range  between  15  and  30  km. 

The  first  results  of  this  final  integration,  covering 
the  period  from  20  December  to  5 January,  were 
presented  at  the  U.  S.  Department  of  Transporta- 
tion Fourth  Conference  on  the  Climatic  Impact 
Assessment  Program  (Mintz  and  Schlesinger,  1^5). 
Following  that,  the  integration  was  continued  until 
31  January.  We  are  showing  the  results  for  the  last 
20  days  of  January,  even  though  the  Oj  distribution 
cannot  reach  its  equilibrium  state  by  the  end  of  this 
period.  For  convenience,  this  period  (12-31  January) 
will  be  referred  to  simply  as  January. 

3.  Simulated  pressure,  temperature,  circulation  and 
heating 

a.  Sea  level  pressure 

The  average  January  sea  level  pressure  simulated 
by  the  model  is  shown  in  Fig.  2,  together  with  the 
observed  climatological  January  sea  level  pressure. 
We  see  that  the  model  has  fairly  successfully  simu- 
lated the  general  position,  shape  and  strength  of  the 
subtropical  oceanic  high-pressure  centers  near  39* 
latitude  in  both  hemispheres,  and  also  the  equatorial 
low-pressure  zone  and  the  low-pressure  centers  over 
the  Southern  Hemisphere  continents.  The  location 
and  configuration  of  the  Icelandic  and  Aleutian 
lows  are  also  simulated  fairly  well,  inasmuch  as 
the  differences  that  are  seen  here  between  the 
simulation  for  a single  January  and  the  observed 
long-period  normal  for  January  are  not  larger  than 
the  differences  that  are  observed  from  one  January 
to  another  (see,  e.g..  Lamb  1972,  pp.  426-427,  and 
Bjerknes,  1975,  p.  597).  However,  the  central  pres- 
sures in  the  simulated  lows  are  lower  than  those 
observed,  with  the  exception  of  some  extreme 
years.  The  model  has  also  produced  a circumpolar 
low-pressure  belt  in  the  Southern  Hemisphere,  but 
its  location  near  55”S  is  about  10*  of  latitude  too 
far  from  the  pole  and  its  pressure  is  about  10  mb  too 
high.  Along  the  Antarctic  coast,  the  simulation 
shows  two  higf  -pressure  centers,  one  over  the  Ross 
Sea  and  the  other  over  the  Weddell  Sea,  which  are 
not  found  in  the  observed  normal  field.  A more 
prominent  shortcoming  of  the  simulation  is  the  ex- 
cessively high  pressure  over  the  Arctic  region,  with 
a pressure  of  1028  mb  at  the  North  Pole  compared 
with  the  observed  normal  of  1016  mb.  This  excessive 
sea  level  pressure  over  the  Arctic  is  accompanied 
by  the  failure  to  properly  simulate  the  observed 
Siberian  high-pressure  center;  so  that  the  pressure 
g 'lent  and  the  geostrophic  wind  have  the  wrong 
direction  over  northern  Siberia,  although  the  pres- 
sure gradients  and  the  directions  of  the  geostrophic 
wind  are  correct  over  eastern,  southern  and  western 
Siberia. 
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Fio.  2.  S«a  level  preuure  (mb).  Top:  Simulauon.  averaged  for  (he  last  20  <U>s  of  (he  iniegration  (12-31 
January).  Bottom:  Observed  normal  for  January  [from  Crutcher  and  Meserve  ( 1970)  and  Tajjaard  tt  ai. . ( 1%9), 
aa  summarized  by^Schuu  and  Gates  (1971)]. 


b.  Geopotential  height  extratropical  planetary  wavenumbers  1,  2 anii  3 are 

evident  in  the  observed  field,  only  wavenumbers  I 
The  simulated  January  500  mb  geopotential  and  2 are  seen  in  the  simulation.  At  the  North  Pole 
height  distribution  is  shown  in  Fig.  3,  together  with  the  simulated  geopotential  height  is  about  150  m too 
the  observed  January  normal.  In  the  Northern  high.  In  the  Southern  Hemisphere,  the  observed 
Hemisphere,  the  model  has  correctly  simulated  the  geopotential  pattern  is  fairly  well  simulated,  except 
positions  and  intensities  of  the  trough  near  Japan,  that  the  circumpolar  low-pressure  trough  near  60°S 
the  ridge  near  the  west  coast  of  North  America  and  is  about  10°  of  latitude  too  far  from  the  pole  and  the 
the  low  center  near  Baffin  Island.  However,  the  geopotential  height,  in  and  south  of  the  trough,  is 
trough  observed  over  the  east  coast  of  North  America  about  200  m too  high. 

and  the  ridge  over  the  eastern  North.  Atlantic  are  The  simulated  and  observed  distributions  of  Janu- 
found  about  40*  too  far  east  in  the  simulation,  and  ary  100  mb  geopotential  height  are  shown  in  Fig.  4. 
the  weak  trough  that  is  observed  over  eastern  At  this  level,  the  Northern  Hemisphere  planetary 
Europe  is  nonexistent  in  the  simulation.  Thus,  while  wavenumber  3 is  weakly  developed  in  the  observed 
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Fig.  3.  500  mb  Keopocential  height  (m>.  Top:  Simulation,  averaged  for  the  last  20  days  of  the  integration  (12-31 
January).  Bottom:  Observed  normal  for  January  [from  Crutcher  and  Meserve  ( 1970)  andTaljaarder  j(..  (19o9)]. 


field;  and  it  does  not  appear  at  all  in  the  simulation. 
The  simulated  100  mb  geopotential  heights  are  about 
600  m too  low  over  the  polar  regions  in  both  hemi- 
spheres. The  simulated  and  the  observed  Southern 
Hemisphere  circumpolar  low-pressure  troughs  both 
show  that  the  geostrophic  winds  are  easterly  over 
the  South  Pole  at  this  level,  as  at  500  mb. 

The  simulated  global  distribution  of  January  .50 
mb  geopotential  height  is  shown  in  Fig.  5,  together 
with  the  observed  January  distribution  for  the 
Northern  Hemisphere,  .^t  this  level  both  the 
simulated  and  the  observed  fields  show  a wave- 
number  2 pattern  in  the  Northern  Hemisphere. 
The  simulated  geopotential  height  is  too  low  (by 
about  900  m)  in  the  North  Polar  region. 


The  simulated  global  distribution  of  January  10 
mb  geopotential  height  is  shown  in  Fig.  6.  together 
with  the  observed  January  distribution  for  the 
Northern  Hemisphere.  The  model  reproduces  the 
high-pressure  center  that  is  observed  over  the  North 
Pacific  and  shows  the  wavenumbers  1 and  2 of  the 
observed  field,  but  the  simulated  geopotential  height 
in  the  North  Polar  region  is  about  2000  m too  low. 

c.  Zonaily  averaged  temperature 

Fig.  7 shows  a meridional  cross  section  of  the 
simulated  zonaily  averaged  January  temperature,  to- 
gether with  the  observed  normal  temperature  for 
December- February.  In  the  source  that  we  have 
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Fig.  4 100  mb  geopotemi*!  height  im).  Top-  Simulalioi,  averaged  for  the  lait  20  days  of  the  integration  (12-)I 
January)  Bottom  0^ye^ved  normal  for  J ir.unrv  (from  Crutcher  and  Meaerve  1 1970)  and  Taljaarder  o/. .( 1969)). 


used,  it'c  observed  field  is  shown  only  up  to  the  10  pole  and  about  J'C  too  cold.  In  the  Southern 
mb  ( '^3.  km)  level,  and  this  level  is  indicated  in  the  Hemisphere,  the  simulated  temperature  maximum 
simulatei'  field  by  a thin  horizontal  line.  at  the  tropopause  level  is  about  20“  of  latitude  too 

Compa  nson  of  the  simulated  and  observed  fields  far  from  the  pole  and  is  about  15*C  too  cold.  A more 
shows  th.it  the  zonal-mean  troposphenc  tempera-  important  shortcoming  of  the  simulation,  however, 
ture  field  is  fajrly  well  reproduced  by  the  model,  is  that  in  the  polar  regions  of  both  hemispheres  the 
.■\t  the  equator,  the  tropopause  temperature  and  the  simulated  temperatures  in  the  upper  troposphere 
height  of  the  tropopause  I within  the  vertical  resolu-  and  the  lower  and  middle  statosphere  are  15- 
tion  of  the  model)  are  well  simulated.  In  the  tropi-  25“C  colder  than  the  observed  temperatures.  This 
cal  latitudes,  the  temperatures  of  the  lower  and  shortcoming  of  the  simulation  was  already  seen  in 
middle  stratosphere  are  also  well  simulated  The  Figs.  4,  5 and  6.  where  we  noted  that  the  geopoten- 
Northem  Hemisphere  middle-latitude  temperature  tial  heights  of  the  100  . 50  and  lO  mb  pressure  sur- 
maximum  at  the  tropopause  level,  which  ,s  ob-  faces  were  too  low  m the  polar  regions.  The  exces- 
served  at  about  55°N.  IS  also  simulated  by  the  model,  sively  cold  air  in  the  polar  regions  of  the  upper 
although  It  IS  about  10“  of  latitude  too  far  from  the  troposphere  and  the  lower  and  middle  stratosphere. 


sow  0 30E  «Oe  »OE  I20E  ISOC  i«0  I50W  I20W  »OW  «OW  SOW  0 30E 

Fic.  5.  50  mb  geopocential  height  tm)  Top:  Simulation,  averaged  for  the  last  20  days  of  the  integration 
(12-JI  January).  Bottom:  Observed  January  12-year  mean  (from  ClAP.  1974). 


and  the  e.xcessively  high  sea  level  pressure  in  the 
polar  regions,  seem  to  be  common  deficiencies  of 
many  atmospheric  general  circulation  models  whose 
upper  boundary  is  higher  than  the  tropopause  level 
and  in  which  the  temperature  field  is  not  empirically 
constrained  (Somerville  et  al..  1974,  Manabe  and 
Mahlman.  1976:  Washington  et  al..  1977). 

■Although  the  simulated  temperatures  near  the 
poles  are  too  cold  in  the  upper  troposphere  and 
lower  and  middle  stratosphere,  the  pole-to-pole 
temperature  d stribution  in  the  uppermost  strato- 
sphere IS  very  close  to  what  is  observed,  at  this  time 
of  the  year,  in  the  penod  that  precedes  sudden 
warming,  as  shown  by  Barnett  (1974). 

J.  Zonally  averaged  zonal  >\ind 

Fig.  8 shows  the  simulated  zonally  averaged 
zonal  wind  component  for  January,  to  ‘ler  with  the 
observed  normal  for  December- Febiuary.  In  the 
troposphere,  the  model  correctly  simulates  the  posi- 
tions of  the  two  subtropical  west  wind  maxima, 
although  their  intensities  are  too  large  by  about 
20  m s"‘  The  tropical  easterlies  arc  also  fairly  well 
simulated,  including  the  fact  that  near  the  earth's 


surface  the  easterlies  are  stronger  on  the  winter  side 
of  the  equator,  whereas  in  the  middle  and  upper 
troposphere  and  the  stratosphere,  they  are  stronger 
on  the  summer  side  of  the  equator.  In  the  polar 
regions  of  the  troposphere  and  lower  stratosphere, 
in  both  hemispheres,  the  simulation  shows  easterly 
zonal  winds.  In  the  south  polar  regions,  the  ob- 
served geostrophic  winds,  as  shown  in  Figs,  3 and  4, 
are  also  easterly.  In  the  north  polar  region,  almost 
all  analyses  show  that  in  the  middle  and  upper 
troposphere  and  the  stratosphere  the  observed  nor- 
mal January  flow  is  westerly. 

In  the  stratosphere,  the  model  produces  a polar- 
night  westerly  jet  and  a summer  hemisphere  tropi- 
cal easterly  jet.  The  simulated  polar-mght  jet  is 
located  about  10°  of  latit  Je  too  far  from  the  pole 
and  is  much  too  strong  (at  the  10  mb  level  it  is  aoout 
twice  the  speed  of  the  observed  jet).  In  addition, 
the  stratospheric  polar-night  jet  is  not  well  separated 
from  the  tropospheric  subtropical  west  wind  maxi- 
mum. The  simulated  stratospheric  easterly  winds 
are  very  similar  to  the  observed  ones,  as  shown  by 
Murgatroyd  ( 1%9),  but  the  simulated  Southern 
Hemisphere  west  winds  extend  much  too  high  into 
the  stratosphere.  .All  of  these  deficiencies,  of  course. 
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Fii'i  6.  10  mb  geopoiential  height  (ml  Top  Simulation,  averaged  for  the  laat  20  days  of  the  integration 
( i:-31  January)  Bottom  Ohser-ed  January  9-year  mean  (from  CIAP.  1974) 


arc  geostrophicallv  related  to  the  excessively  cold 
simulated  temperatures  m the  upper  troposphere 
and  lower  and  middle  stratosphere,  in  the  polar 
regions  of  both  hemispheres. 

e.  Mean-meridional  mass  circulation 

The  simulated  January  mean-mendional  mass 
circulation  is  shown  in  Fig.  together  with  the  ob- 
served December- February  circulation.  The  simu- 
lated and  the  observed  fields  show  the  tropospheric 
tropical  Hadley  cells,  with  the  Northern  Hemisphere 
(winter)  cell  broader  and  more  intense  and  extending 
across  the  equator,  the  troposphenc  middle  latitude 
Ferrel  cells,  and  the  secondary  direct  ceils  poleward 
of  the  Ferrel  cells.  The  simulation  has  an  additional 
indirect  cell  in  the  north  polar  region. 

In  the  stratosphere,  the  dominant  circulation  fea- 
ture in  the  winter  hemisphere  is  the  upward  current 
whose  axis  crosses  the  1(X)  mb  level  near  60°N  and 
the  10  mb  level  near  '0°N.  then  turns  equatorward 
and.  merging  with  a current  from  the  south,  descends 
across  the  10  and  ItX)  mb  levels  at  about  -tO^N. 
where  it  joins  the  converging  upper  branches  of  the 


tropospheric  Hadley  and  Ferrel  cells  and  continues 
to  the  ground.  This  circulation  feature  resembles  the 
one  observed  by  Newell  et  al.  (1973)  for  a winter 
season.  The  axis  of  the  descending  current,  at  about 
40*N  latitude  at  the  tropopause  level,  is  close  to  the 
temperature  ma.ximum  at  the  tropopause  level 
shown  in  Fig.  7. 

The  boundary  between  the  two  Hadley  cells  is  the 
mean  intertropical  convergence  zone  (ITCZ),  which 
is  about  5’  of  latitude  too  far  south  in  the  simulation. 
Part  of  the  upward  current  in  the  ITCZ.  reinforced 
by  part  of  the  upward  branch  of  the  Southern  Hemi- 
sphere Ferrel  circulation,  penetrates  through  the 
lower  and  middle  stratosphere  as  a broad  current 
and  then  crosses  the  equator  in  the  upper  strato- 
sphere to  join  the  current  from  the  north;  the  com- 
bined stream,  as  already  indicated,  then  descends 
and  returns  to  the  troposphere  near  40°N. 

/ Zonally  averaged  heating 

Figs.  10,  11  and  12  show  the  simulated  zonally 
averaged  heating  for  January.  The  heating  rates  are 
shown  m tenns  of  an  equivalent  time  rate  of  change 
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Fig.  7.  Zonally  averaged  temperature  (*0.  Top  Simulation,  averaged  for  the  last  '0  days  of  the  in- 
tegration (12-31  January).  Bottom:  Observed  normal  for  December- February  (from  Newell  ei  at  , 
19721. 


of  the  temperature  of  the  air.  The  solid  line  interval 
is  0.5*C  day*'  and  the  regions  of  cooling  (negative 
heating)  are  shaded. 

The  top  panel  of  Fig.  10  shows  the  heating  by 
cumulus  convection,  which  is  the  paiametehzed 
subghd-scale  release  of  latent  heat  and  its  upward 
convective  transfer.  Most  of  this  heating  is  m the 
tropics,  where  it  reaches  to  the  tropopause  level. 

The  bottom  panel  of  Fig.  10  shows  the  large-scale 
(i.e.,  grid-scale)  condensation  heating.  Because 
this  requires  large-scale  saturation,  almost  all  of  it 
is  in  extratropical  latitudes,  where  there  is  ver>' 


litiie  cumulus  convection.  Large-scale  saturation 
cannot  occur  in  the  presence  of  cumulus  convec- 
tion, except  at  the  uppermost  detrainment  level, 
because  the  large-scale  relative  humidity  is  kept  be- 
low saturation  by  the  subgrid-scale  sinking  motions 
that  surround  the  cumulus  cloud  towers.  The  large- 
scale  condensation,  moreover,  is  mainly  confined 
to  the  lower  troposphere  because  of  the  strong 
dependence  of  the  saturation  vapor  pressure  on 
temperature. 

However,  there  is  a small  amount  of  large-scale 
condensation  in  the  tropics  (producing  zonal-mean 
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Fio.  8.  ZoiuUy  tveragcd  zonal  vclocicy  (m  s'').  Top:  Simulation.  avera(cd  for  the  last  20  days  of  the 
integration  (12-31  January).  Bottom:  Observed  normal  for  December- February  (from  NeweU  er  a/.. 
1972).  Easterlies  arc  shaded. 


heating  of  less  than  O.ITC  day').  A very  small 
amount  of  this  is  in  the  upper  troposphere,  where 
large-scale  saturation  and  condensation  are  pro- 
duced bv  the  detrainment  of  water  vapor  from  the 
tops  of  the  tall  cumulus  clouds  and  by  the  upward 
large-scale  motion  which  reaches,  and  even  pene- 
trates, the  tropopause.  It  is  the  precipitation  of 
this  large-scale  condensation,  falling  and  evaporat- 
ing into  the  air  below,  where  tSe  large-scale  rela- 
tive humidity  is  kept  low  by  the  cumulus  convec- 
tion, that  produces  the  region  of  small  net  evapora- 


tional  cooling,  shown  by  the  shaded  region  in  the 
bottom  panel  of  Fig.  10. 

The  top  panel  of  Fig.  1 1 shows  the  solar  radia- 
tional  heating.  In  the  model  this  heating  depends 
on  Oj  absorption  from  the  upper  boundary  down 
to  the  200  mb  level  and  on  water  vapor  and  water 
cloud  and  ice  cloud  absorption  from  the  100  mb  level 
down  to  the  earth's  surface.  The  Oj  absorption 
produces  an  increase  of  the  heating  with  height.  The 
absorption  by  the  water  substances  produces  a gen- 
eral decrease  of  the  heating  with  height. 
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Fio.  9.  M*M-nithdiaMl  mau  circultuoa  ( 1(P  kt  s*').  Top;  Simulation.  avtra|td  for  tilt  lai 1 20  day*  of 
tht  inicfradon  (12-11  January).  Bottom:  Obtarrad  normal  for  Dacambar-Fabruary  (from  Nawall 
#f «/..  1972). 


The  bouom  panel  of  Fig.  1 1 shows  the  longwave 
radiational  heating.  In  the  model,  below  12  mb  (30 
km),  this  heating  depends  on  ozone,  carbon  dioxide 
and  water  vapor  and.  below  100  mb,  on  water  clouds 
and  ice  clouds  as  well.  Above  12  mb,  the  longwave 
radiational  heating  follows  the  cooling  rate  approxi* 
mation  of  Dickinson  ( 1973).  The  simulation  shows  a 
longwave  radiational  cooling  which  decreases  with 
height  in  the  troposphere  and  increases  with  height 
in  the  stratosphere.  It  is  only  at  and  immediately 
above  the  tropical  tropopaus:  that  the  carbon 
dioxide  and  ozone  absorption  bands,  in  that  very 


cold  air,  have  a large  enough  direct  energy  ex> 
change  with  the  warm  tropical  ocean,  and  with  the 
very  warm  midday  tropicd  land  surfaces,  to  result 
in  a net  longwave  radiational  heating  of  the  air,  as 
shown  in  the  figure  by  the  region  which  has  no 
shading. 

The  top  panel  of  Fig.  12  shows  the  total  zonal- 
mean  radiational  heating,  which  is  the  sum  of  the  two 
fields  shown  in  Fig.  11.  Over  most  of  the  do- 
main, the  total  radiational  heating  is  the  small 
difference  of  two  large  terms  of  opposite  sign. 
Within  the  troposphere,  the  lines  of  constant  zonal- 
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Fic.  10.  Zofially  avenfed  hntinf  ratt  (*C  day*')  averafcd  for  Um  laai  20  days  of  the  ioteira- 
uoa  (I2-}1  January).  Top:  Hcaung  by  cumulus  convection.  BoRom:  Haauni  by  lar|t-icalt  conden* 
sauon.  Negative  heating  (i.e..  cooluig)  is  shaded.  Solid  line  contour  interval  is  0.5*C  day'. 


mean  radiational  heating  are  quasi-horizontal,  so 
that  the  radiation,  by  itself,  has  very  little  influence 
on  the  zonal  available  potential  energy  of  the  tropo- 
sphere. In  the  stratosphere,  by  contrast,  there  are 
large  honzontal  gradients  of  the  radiational  heating: 


how  these  affect  the  stratospheric  zonal  available 
potential  energy  we  shall  see  presently. 

The  bottom  panel  of  Fig.  12  shows  the  total  zonal- 
mean  heating  of  the  atmosphere  due  to  all  diabatic 
processes:  the  solar  and  the  longwave  radiational  heat- 
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Fio.  11.  Jlonaily  «vera(ed  raiJiaiional  heating  rate  ("C  day'M  averaged  for  the  !ajt  ZO  dav»  of  the 
inicftatiofl  il!I>}|  January).  Top.  Solar  radiational  heating  Bottom  Longwave  radiational  heating 
Negauve  healing  (i.e..  cooling)  is  shaded  Solid  line  contour  interval  is  0 5*C  dav' 


ing  shown  in  Fig.  II.  the  cumulus  convection  and 
the  largC'Scale  condensation  heating  shown  in  Fig. 
10.  and  the  panunetenzed  boundan -layer  heating 
mot  shown  in  a separate  panel)  which  produces  the 
net  heating  of  the  lowest  model  layer  m the  sub- 
tropical and  middle  latitudes  of  the  Northern  Hemi- 


sphere. .Also  shown  m the  ;otai  heating  field,  in  the 
uppermost  stratosphere  near  the  Non!.  Pole,  is  a 
subgnd-scale.  dry -convective  heat  transfer  from  the 
second  highest  to  t.he  highest  model  layer 
The  numencal  simulation  has  provided  us  with 
the  data  for  making  a complete  analysis  of  the 
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Fig.  1^.  Zonailv  .ivcnyeii  healing  rate  (“C  day"')  averaged  for  the  laat  10  davs  of  the  integration 
ii:-3I  January!  Top  Total  radiationaj  heating  Bottom  Total  heating  oi  the  atmosphere  due  to  all 
d'abatic  processes.  Negative  heating  u e.,  coolmgl  is  shaded.  Solid  line  contour  interval  is  0 5*C  dav‘ 


energetics  of  this  atmosphenc  general  circulation. 
That  energetics  nvolvcs  many  interactions  between 
the  zonal-mean  fields  and  the  zonal  eddies,  and  its 
analysis  is  beyond  the  scope  of  th/s  paper  There- 
fore. here  we  wili  only  call  attention  to  some  rela- 
tions among  the  zonal-mean  lieids  themselves. 


First,  if  we  compare  the  zonal-mean  heating  and 
the  zonal-mean  temperature  las  by  superposing  the 
bottom  panel  of  Fig.  II  on  the  top  panel  of  Fig.  T), 
we  see  that  in  the  troposphere,  except  within  the 
lowest  model  layer,  there  is  a generation  of  zonal 
available  potential  energy  by  t.be  heating  of  the  air 
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near  the  equator,  where  the  zonal-mean  temperature 
is  high,  and  cooling  in  all  of  the  other  latitudes, 
where  the  temperatures  are  lower.  In  the  strato- 
sphere, and  especially  in  the  lower  stratosphere, 
except  for  the  winter  polar  region,  the  opposite  is 
true:  there  is  a negative  correlation  between  the 
heating  and  the  temperature,  so  aat  zonal  avail- 
able potential  energy  is  destroyed  in  the  stratosphere. 

Next,  if  we  compare  the  zonal-mean  temperature 
and  the  mean-meridional  mass  circulation  (by  super- 
posing the  top  panel  of  Fig.  7 on  the  top  panel  of 
Fig.  9),  we  see  that  in  the  tropical  troposphere 
there  is  a net  conve.  ion  of  zonal-mean  available 
potential  energy  into  zonal-mean  kinetic  energy  due 
to  the  two  Hadley  cell  circulations,  in  which  the  air 
that  rises  is  warmer  than  the  air  that  descends.  In 
the  stratosphere,  by  contrast,  the  ascending  branches 
of  the  mean-meridional  mass  circulation  are,  on  the 
whole,  colder  than  the  descending  branches,  so  that 
zonal-mean  kinetic  energy  is  converted  into  zonal- 
mean  available  potential  energy. 

Finally,  we  compare  the  mean-meridional  mass 
circulation  with  the  zonal  mean  heating  field  (by 
superposing  the  top  panel  of  Fig.  9 on  the  bottom 
panel  of  Fig.  12).  In  the  troposphere,  the  mean- 
meridional  mass  circulation  has  a positive  feedback 
on  t!ie  zonal-mean  heating  field  in  that  the  lower 
branches  of  the  two  Hadley  cell  circulations  pro- 
duce a convergence  of  the  water  vapor  transport 
within  the  planetary  boundary  layer,  which  main- 
tains the  cumulus-convective  heating  (a  convective 
instability  of  the  second  kind).  In  the  stratosphere, 
except  for  the  winter  polar  region,  there  is  a nega- 
tive feedback  of  the  mean-mendional  mass  circula- 
tion on  the  heating  field  because  the  mean-meridional 
transport  of  ozone,  in  part,  is  responsible  for  the 
ozone  distiibution  which  contributes  to  the  net 
radiational  destruction  of  the  zonal  available  poten- 
tial energy. 

4.  Simulated  ozone  distribution 

j.  Total  V 

1)  Synoptic  behavior 

Fig.  13  shows  the  simulated  global  distribu- 
tions of  total  ozone  (fl).  300  mb  geopotential  height, 
and  sea  level  pressure  at  tXXX)  GMT  22  January  . .A 
prominent  chamctenstic  of  the  synoptic  fl  distri- 
bution IS  Its  large  zonal  variation,  especially  in  the 
middle  latitudes.  The  differences  between  adjacent 
ma.xima  and  mimma  along  a latitude  circle  are  of  the 
order  of  several  tens  of  Dobson  units. 

The  500  mb  geopotenrial  height  and  the  sea  level 
pressure  fields  show  the  transient  wave  cyclones. 
We  see  that  the  middle-latitude  fl  maxima  and 
minima  coincide,  respectively,  with  the  trough  and 
ndge  lines  of  the  500  mb  waves.  For  example,  the 


n maximum  west  of  France  is  located  in  the  trough 
cf  a 500  mb  wave,  while  the  Cl  minimum  north  of 
the  Caspian  Sea  is  located  on  the  ridge  of  a 500 
mb  wave. 

Fig.  14  shows  the  distri  ~,>on  of  the  total  ozone 
at  30  h intervals  to  illustrate  the  general  eastward 
movement  of  the  H maxima  and  minima.  The  top 
panel  is  the  same  as  in  the  previous  figure  (0000 
GMT  22  January)  and  the  middle  and  bottom  panels 
are  for  0600  GMT  23  January,  and  1200  GMT  24 
January.  In  the  Northern  Hemisphere,  from  22  to 
24  January  the  s rong  G maximum  near  Kamchatka 
moves  eastward  to  almost  the  Aleutian  Islands,  the 
maximum  near  the  Gulf  of  Alaska  moves  to  the  west 
coast  of  North  America  (and  weakens),  and  the  weak 
maximum  over  Alaska  moves  toward  Victoria  Island. 
Over  Manchuria  a new  fl  maximum  forms  on  23 
January  (middle  panel)  and  intensifies  during  the 
following  day.  From  22  to  24  January,  th^*  fl  maxi- 
mum over  Boston  moves  eastward  to  the  central 
Atlantic,  the  maximum  west  of  France  moves  south- 
eastward to  the  Aegean,  and  the  minimum  nonh  of 
the  Caspian  Sea  moves  to  the  east  of  the  Aral  Sea. 
Similar  eastward  movements  of  the  fl  maxima 
and  minima  occur  in  the  middle  latitudes  of  the 
Southern  Hemisphere. 

Fig.  15  shows  the  simulated  synoptic  distribu- 
tions of  total  ozone,  500  mb  geopotential  height 
and  sea  level  pressure  at  the  last  time  shown  on 
the  previous  figure  (1200  GMT  24  January).  .Again 
we  see  that  the  middle  latitude  G maxima  and 
minima  coincide,  respectively,  with  the  trough  and 
ridge  lines  of  the  500  mb  waves.  For  example,  the 
new  G maximum  which  developed  over  Man- 
churia on  (he  preceding  day  coincides  with  the 
newly  developed  500  mb  trough  nonhwest  of  Japan, 
and  IS  to  the  west  of  the  new  surface  low  that  devel- 
oped east  of  Japan.  It  is  gratifying  that  both  the 
amplitude  of  the  zonal  variation  of  total  ozone  and 
the  phase  relationship  between  the  G maxima 
and  minima  and  the  troughs  and  ndges  of  the  extra- 
tropical  tropospheric  waves  are  precisely  what 
have  long  been  observed  in  'he  real  atmosphere, 
as  was  shown  most  clearly,  for  example,  by  Noimand 
(1953).  This  correlation  was  also  found  in  the  O] 
tracer  simulation  study  by  Hunt  and  Manabe  1 1968). 

2)  Ja.nlary  mean 

The  time-averaged  dismbuiion  of  total  ozone  for 
12-31  January  of  the  simulation  is  shown  in  Fig. 
16.  together  with  the  observed  January  10-year 
mean  as  denved  from  ground-based  observations 
In  the  simulation  tnere  are  two  G maxima  m 
the  Northern  Hemisphere  middle  latitudes,  a very 
intense  one  located  just  north  of  Japan  and  a weaker 
one  over  the  central  North  .Atlantic.  In  the  Southern 
Hemisphere  middle  latitudes  there  are  also  two  G 
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Fi3.  1]  SiRiuivcd  synoptic  disinbutions  of  toul  ozone.  500  mb  fcopoieniitl  hei(ht  and  set  level  pres- 
sure,  ai  0000  GMT  22  January  of  the  integration.  Top:  Total  ozone,  where  the  dashed  contour  line  ii  280 
Dobson  units  and  he  contour  interval  is  tO  D U Middle;  500  mb  height,  where  the  dashed  contour  line  :s 
5SW  m and  the  contour  interval  is  iO  m.  Bottom.  Sea  level  pressure,  where  the  dashed  contour  line  is 
1001  mb  and  the  contour  interval  is  4 mb. 
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Fio.  14.  Simulated  tynopoc  dismbuuons  of  total  ozone  at  miervais  of  30  h.  Top:  0000  GMT  32  January 
Middle;  0600  GMT  23  January.  Bottom;  1200  GMT  24  January.  The  dashed  contour  line  is  280  Dobson 
units  and  the  contour  interval  is  10  O.U. 


maxima,  one  located  south  of  Africa  and  another  number  3 pattern,  with  the  maxima  positioned  over 
south  of  Tasmania.  In  the  Southern  Hemisphere  the  Indian,  South  Pacific  and  South  Atlantic  oceans, 
tropics  the  simulated  total  ozone  shows  a wave-  The  observed  January-mean  total  ozone  shows 
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Fig.  15.  As  m Fi|.  13.  except  60  h later  at  ICOO  GMT  24  January. 


three  n maxima  in  the  Northern  Hemisphere,  one  at  about  100“E  and  55“S;  and  in  the  tropics  the  total 
over  Manchuria,  one  over  Hudson's  Bay  and  one  ozone  shows  minima  (and  not  maxima)  over  the 
over  north-central  Europe.  In  the  Southern  Hemi-  three  oceans. 

sphere,  only  a single  high-latitude  maximum  is  seen  If  we  compare  the  upper  panel  of  Fig.  16  with  the 
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Fio.  16.  Total  ozone  (Dobson  units).  Top:  Simulation,  averaged  for  the  last  20  days  of  the  •megration  (12-31  January). 
Bottom:  Observed  January  10-year  mean  (from  London  et  al..  1976). 

Upper  panel  of  Fig.  3.  and  the  lower  panel  of  Fig.  16  the  simulated  Cl  maxima  about  10”  of  latitude  too 
with  the  lower  panel  of  Fig.  3.  we  see  that  the  simu-  far  &om  the  poles. 

lated  January  total  H distribution  has  about  the  Fig.  17  shows  the  zonally  averaged  initial  total 
same  relationship  to  the  simulated  500  mb  height  ozone  distribution,  the  simulated  zonally  averaged 
held  as  the  observed  Cl  distribution  has  to  the  ob-  January-mean  distribution  and  the  observed  January- 
served  height  fiela.  That  is.  in  both  the  simulated  mean  distribution.  In  the  course  of  the  simulation, 
and  observed  helds  the  total  Cl  maxima  are  longi-  the  total  ozone  decreased  in  the  high  latitudes, 
tudinally  positioned  at  the  trough  lines  of  the  waves  especially  in  the  Southern  Hemisphere,  and  in- 
in  the  500  mb  height  field.  Moreover,  just  as  the  cen-  creased  somewhat  in  the  middle  latitudes  and  the 
ters  of  the  cyclonic  circulation  (the  centen  of  tropics,  and  the  H maxima  moved  farther  away 
maximum  relative  vorticity)  are  about  10”  of  latitude  from  the  poles. 

too  far  from  the  poles  in  the  simulation,  so  also  are  We  have  already  noted  that  both  the  longitudinal 
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and  latitudinal  positions  of  the  individual  Cl  maxima 
have  the  same  relationship  to  the  500  mb  height 
field  as  those  observed.  Here  we  see  that  the  zonally 
averaged  total  ozone  is  also  properly  related  to  the 
zonally  averaged  500  mb  geopotential  height.  In 
both  hemispheres,  the  simulated  zonally  averaged 
500  mb  heists  have  their  subpolar  minima  located 
about  10*  of  latitude  too  far  from  the  poles,  and 
the  maxima  in  the  zonally  averaged  total  ozone  are 
also  located  about  10*  of  latitude  too  far  from  the 
poles.  It  seems,  therefore,  that  the  dynamical  and 
photochemical  processes  which  relate  the  total 
ozone  to  the  tropospheric  circulation  are  operating 
correctly  in  the  model,  and  that  if  the  general  cir- 
culation model  can  be  made  to  produce  a more 
nearly  correct  circulation  field  it  would  also  produce 
a more  nearly  correct  H field. 

3)  Correlations  with  tropospheric  pressure 

We  have  seen,  in  both  the  synoptic  and  time- 
averaged  states,  that  the  maxima  and  minima  of  total 
ozone  approximately  coincide  with  the  troughs  and 
ridges  of  the  500  mb  height  field.  Here  we  further 
examine  the  negative  correlation  between  total 
ozone  and  middle  tropospheric  pressure. 

Fig.  18  shows  the  January-mean  total  ozone  and 
500  mb  height  at  50*N  latitude.  The  upper  panel 
shows  the  deviations  of  the  total  ozone  and  500  mb 
height  from  their  respective  zonal  means,  with  the 
total  ozone  plotted  on  an  inverted  scale.  Here 
Cl*  (I  - (ft)  and  2*o»  * 2iot  - where  ft 

is  the  total  ozone,  Zmo  is  the  500  mb  geopotentiai 
height,  the  overbar  denotes  the  time  mean,  the 
bracket  denotes  the  zonal  mean,  and  the  asterisk 
denotes  the  deviation  from  the  zonal  mean.  The  cor- 
relation between  ft*  and  Zjoo  is  -0.724.  These 
curves,  as  well  as  the  scatter  didgram  in  the  lower 
panel  of  the  figure,  show  that  the  agreement  be- 
tween ft  and  ZiM  is  much  better  in  the  Eastern 
Hemisphere  than  in  the  Western  Hemisphere. 

The  top  panel  of  Fig.  19  shows  the  relation 
between  total  ozone  and  500  mb  geopotentiai 
height  at  50*N  latitude  at  0600  GMT  23  January 
(cf.  middle  panel  of  Fig.  14),  again  with  the  scale 
for  total  ozone  inverted.  The  correlation  between 
ft*  and  Zmo  is  -0.821,  and  the  agreement  is  again 
better  in  the  Eastern  Hemisphere  than  in  the 
Western  Hemisphere. 

In  the  central  panel  of  Fig.  19  we  show  the  tran- 
sient eddy  components,  ft'*  » ft*  - ft*  and  Z15> 
« Zmo  “ ^sflo.  where  the  prime  denotes  the  devia- 
tion from  the  time  mean.  The  correlation  between 
ft'*  and  Z'iSt  is  -0.870,  and  the  agreement  in  the 
Western  Hemisphere  is  as  good  as  in  the  Eastern 
Hemisphere.  The  rms  height  deviation  from  the 
linear  regression  line  is  34.0  m.  This  is  about  half 
of  the  contour  interval  that  is  routinely  used  to  de- 
pict the  500  mb  height  field  (as  in  Fig.  3). 


Fio.  17.  Simulated  ind  observed  latitudinal  distributions 
of  total  ozone. 


b.  Vertical  distribution 

Fig.  20  shows  meridional  cross  sections  of  the 
zonally  averaged  initial  Oj  mixing  ratio,  the  simu- 
lated January  distribution,  and  the  observed  dis- 
tribution for  December- February. 

During  the  simulation  the  ozone  maximum  at  10 
mb  became  more  intense  and  its  center  shifted 
from  the  winter  to  the  summer  side  of  the  equator, 
near  10*S.  Although  this  is  not  the  location  of  the 
observed  maximum  shown  in  the  bottom  panel  of 
Fig.  20,  both  Diitsch  ( 1969)  and  Kreugerer  al.  (1973) 
show  the  maximum  on  the  summer  side  of  the 
equator.  In  general,  above  the  10  mb  level  the 
simulated  distribution  shows  good  agreement  with 
the  observed  field  given  by  Krueger  et  al.  (1973). 
The  principal  shortcoming  of  the  simulation  is  that 
between  about  25  and  200  mb  the  isopleths  slope 
upward  instead  of  downward  from  the  middle  lati- 
tudes toward  the  poles  in  both  hemispheres.  This 
is  why  the  simulated  total  ozone  is  less  than  the 
observed  total  ozone  in  the  polar  regions,  as  was 
shown  in  Fig.  17.  Within  the  troposphere,  the 
simulated  zonally  averaged  Oj  mixing  ratio  shows  a 
maximum  in  each  hemisphere,  with  the  axes  of  the 
maxima  sloping  downward  toward  the  tropics. 
These  ma  a,  which  are  also  present  in  the  ob- 
served oz>.  .e  distribution,  are  located  near  the  sub- 
tropical descending  branches  of  the  mean-meridional 
mass  circulation,  shown  in  Fig.  9.  However,  the 
simulated  Oj  maximum  in  the  Northern  Hemi- 
sphere troposphere  is  located  about  20*  farther  from 
the  pole  than  is  the  observed  maximum. 

5.  Simulated  ozone  sources,  sinks  and  transports 

In  the  following,  we  show  the  simulated  0) 
sources,  sinks  and  transports,  and  discuss  their  rela- 
tive roles  in  the  atmospheric  O3  budget.  The  form 
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Fig.  11.  Top:  Deviation  of  total  ozone  and  JOO  mb  geopotentiaJ  height  from  their  respective  zonal 
means  at  JO*N , averaged  for  the  last  20  days  of  the  integration  (12-31  January ).  Bottom : Scatter  diagram 
of  total  ozone  and  JOO  geopotential  height  at  50*N.  averaged  for  the  last  20  days  of  the  integration  (12-31 
January).  Western  Hemisphere  (crosses):  Eastern  Hemisphere  (circles). 


in  which  the  results  are  presented  is  described  in  the 
Appendix. 

a.  Sources  and  sinks 

1)  Time-dependent  behavior 

Fig.  21  shows  the  globally  integrated  photo- 
chemical production  rate  of  ozone,  the  globdly  in- 
tegrated surface  destruction  rate  of  ozone  and  the 
global-mean  total  ozone  as  functions  of  time.  We  see 
that,  immediately  following  the  ozone  re-initializa- 
tion on  20  December,  the  photochemical  production 
rate  increased  by  an  order  of  magnitude.  It  stayed 
high  for  about  a day  and  then  gradually  decreased 
toward  a negative  value  near  10  January.  During 
the  remainder  of  the  simulation  the  production  rate 
slowly  increased. 

In  addition  to  the  long-term  variation,  the  produc- 
tion rate  shows  variations  which  have  periods  of  a 
day  and  less.  To  our  knowledge  this  high-frequency 


variation  in  the  global  photochemical  O3  production 
rate  was  not  found  in  any  of  the  other  simulations 
that  have  been  made,  whether  with  purely  photo- 
chemical models  or  with  dynamical-photochemical 
models.  Oscillations  in  the  globaJly  integrated 
photochemical  O3  production  rate  with  periods  of 
a day  and  less  can  occur  only  if  there  are  longitudinal 
variations  in  the  0)  distribution.  If  the  ozone  did 
not  vary  with  longitude,  the  global  production  rate 
distribution  would  simply  travel  around  the  earth 
with  the  sun,  and  the  globally  integrated  produc- 
tion rate  would  be  constant  in  time.  As  was  shown 
in  Fig.  16.  the  time-averaged  global  distribution  of 
total  ozone  varies  in  the  longitudinal  direction  as  a 
consequence  of  the  atmospheric  circulation,  and  it  is 
this  longitudinal  vanation,  interacting  with  the 
photochemical  production,  which  produces  the 
diurnal  and  higher  frequency  variations  in  the  total 
global  photochemical  production  rate. 

The  globaJly  integrated  surface  destruction  rate 
IS  shown  in  Fig.  2 1 , with  a scale  that  is  50  times  larger 
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Fio.  19  Top:  Deviation  of  total  oaone  and  500  mb  geopotential  height  from  their  respective  zonal 
means  at  50*N.  at  0600  GMT  23  Januat7.  Middle;  Deviation  of  total  ozone  and  500  mb  geopotential 
height  from  their  respective  zonal  and  January  time  means  at  50*N.  at  0600  GMT  23  January.  Bottom: 
S‘'^tter  diagram  of  the  data  in  the  middle  panel.  Western  Hemisphere  (crosses):  Eastern  Hemisphere 
I circles). 


than  the  scale  for  the  photochemical  production 
rate.  We  see  that  the  surface  destruction  rate  de- 
creased slightly  from  the  time  of  0]  re-initialization 
to  23  December,  remained  nearly  constant  for  a few 
days,  and  then  increased.  .At  the  end  of  the  integra- 
tion penod,  the  surface  destruction  rate  is  within 
the  range  of  the  estimates  based  on  observations 
(CIAP,  1974). 


The  global-mean  total  ozone  as  a function  of  time 
is  shown  in  the  bottom  panel  of  Fig.  21.  The  high- 
frequency  oscillations,  which  are  so  evident  in  the 
photochemical  production  rate  curve,  are  not  seen 
in  the  curve  of  global-mean  total  ozone  because, 
taking  30  tons  s”'  as  the  mean  amplitude  of  the 
diurnal  production  rate  oscillation,  only  about  10* 
tons  of  ozone  arc  created  or  destroyed  during  each 
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Fic.  JO.  Zonally  averaged  ozone  mixing  ratio  Top:  Initial  ozone  on 

JO  December.  Middle;  Simulated  ozone,  averaged  for  the  last  JO  days  of  the  in- 
tegration I lJ-31  January).  Bottom;  Observed  normal  for  December-February 
(from  Newell  el  al.,  1974). 


half  of  the  diurnal  cycle.  This  corresponds  to  a From  the  time  of  Oj  re-initialization  to  30 
change  m total  ozone  of  only  0.09  D.U.,  which  is  December,  the  global-mean  total  ozone  increased 
too  small  to  be  seen  on  the  scale  of  Fig.  21.  from  283.4  D.U.  to  a maximum  of  291.7  D.U.  be- 
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Fic.  21.  Global  photochemical  production  rate  of  ozone  (top),  the  global  sur- 
face destnicture  rate  of  ozone  (middle),  and  the  global-mean  total  ozone  ibottom). 
as  functions  of  time. 


cause  the  photochemical  production  rate  was  larger 
than  the  surface  destruction  rate.  After  that,  the 
total  ozone  decreased. 

2)  January  mean 

Fig.  22  shows  the  simulated  zonally  integrated 
January  photochemical  0)  production  rate.  Above 
about  42  km,  there  is  photochemical  production  of 
ozone  in  almost  ail  latitudes,  with  the  principal 
maximum  near  10°S  and  a secondary  maximum  near 
40*N.  Between  about  30  and  16  km,  there  is  another 
large  region  of  photochemical  Oj  production,  with 
the  main  maximum  at  about  25  km  and  20^S.  A 
smaller  maximum  is  located  at  about  30  km  and  15°N 
in  an  0]  production  region  which  extends  into  the 
upper  (itratosphere.  (No  photochemical  production 
of  ozone  was  calculated  for  the  model  layers  below 
100  mb.)  There  is  a region  of  large  photochemical 
destruction  of  ozone  in  the  tropics,  between  about 
41  and  30  km,  with  its  maximum  at  about  36  km  and 
lO^’S.  and  another  region  of  large  Oj  destruction 
rate  in  the  Northern  Hemisphere,  north  of  about 
20°  lautude,  with  its  maximum  at  about  28  km  and 
40°N.  There  is  no  photochemical  production  or 
destruction  of  ozone  in  the  latitudes  of  the  polar  night. 

Fig.  23  shows  the  latitudinal  distribution  of  the 
zonally  and  vertically  integrated  photochemical 
0]  production  rate,  together  with  the  zonally  in- 
tegrated surface  0,  destruction  rate.  We  see  that 
for  the  atmospheric  column  which  extends  from  the 


surface  to  the  1 mb  level,  the  photochemical  pro- 
duction is  a source  of  ozone  in  the  tropics  and  sub- 
tropics of  the  Southern  Hemisphere  and  in  the 
tropics  of  the  Northern  Hemisphere,  and  is  a sink 
everywhere  else  (except  in  the  polar-night  lati- 
tudes). The  ozone  is  destroyed  at  the  eanh  s surface 
everywhere,  but  at  a maximum  rate  in  the  tropics. 
We  shall  discuss  the  distributions  of  the  Oj  produc- 
tion and  destruction  rates  that  are  shown  in  Figs. 
22  and  23  after  we  have  presented  the  O3  transports. 

b.  Transports 

In  this  section  we  present  the  transports  of  ozone 
by  the  atmospheric  circulation:  the  time-averaged 
zonally  integrated  meridional  O3  transport,  the  time- 
averaged  zonally  integrated  vertical  O3  transport 
and  the  convergence  of  these  transports.  .As  de- 
scribed in  the  Introduction,  two  different  transport 
processes  have  been  proposed  to  explain  the  dis- 
crepancies between  the  observed  latitudinal  and 
seasonal  O3  distnbution  and  that  which  is  predicted 
from  photochemical  theory.  One  is  the  O3  transport 
by  the  mean-meridional  mass  circulation,  and  the 
other  is  the  .3  transport  by  the  zonal  atmosphenc 
waves  or  eddies.  To  determine  how  these  two  trans- 
port processes  operate  in  the  model  simulation, 
we  separate  the  total  transports  and  the  total  trans- 
port convergences  into  mean-mendionai  and  zonal- 
eddy  components  (see  .Appendix). 
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Fig.  22.  Zonally  imegrated  simulated  photochemical  ozone  production  rate  (tons 
s''  per  4’  lautude  per  Icm  vertical  height],  averaged  for  the  last  20  days  of  the  integra- 
uon  (12-31  January).  Photochemical  ozone  destruction  is  shaded. 


1)  Meridional  (north-south)  transport 

Fig.  24  shows  the  simulated  January  meridional 
Os  transports  by  the  mean-meridional  circulation 
and  the  zonal  eddies,  and  the  sum  of  the  two  trans- 
ports. The  meridional  O3  transport  by  the  mean- 
meridional  circulation,  shown  in  the  top  panel, 
agrees  in  sign  with  the  meridional  mass  transport 
by  the  mean-meridional  circulation  shown  in  Fig.  9. 
In  the  tropics,  the  Northern  (winter)  Hemisphere 
Hadley  cell,  which  crosses  the  equator,  transports 


Ftc.  23.  Zonally  and  vertically  mtegrtued  photochemical  Oj  pro- 
duction rate  and  the  zonally  integrated  surface  destruction  rate 
(Iona  5"'  per  4*  lautude],  averaged  for  the  las.  20  days  of  the  in- 
tegration 1 12-3 1 January  I. 


ozone  southward  in  the  lower  part  of  the  tropo- 
sphere and  northward  in  the  upper  troposphere  and 
stratosphere.  The  Southern  (summer)  Hemisphere 
Hadley  cell  is  narrower  and  more  shallow,  and 
transports  ozone  northward  below  about  6 km  and 
southward  between  6 and  20  km.  In  the  Northern 
Hemisphere  middle  latitudes,  the  deep  Fe-rel  cell 
transports  ozone  toward  the  pole  in  the  lower 
troposphere,  and  toward  the  equator  in  the  middle 
and  upper  troposphere  and  over  the  entire  depth  of 
the  stratosphere.  Corresponding  transports  are  pro- 
duced by  the  Southern  Hemispuere  Fcirel  cell  and 
by  the  higher  latitude  circulation  cells  in  both 
hemispheres. 

The  meridional  O3  transpon  by  the  zonal  eddies 
is  shown  in  the  middle  panel  of  Fig.  24.  In  the  tropo- 
sphere and  lower  stratosphere  of  both  hemispheres, 
the  tropical  eddy  transport  is  toward  the  equator, 
the  middle-latitude  eddy  transport  is  toward  the 
poles,  and  the  high-latitude  eddy  transport  is  toward 
the  equator.  In  general,  the  eddy  transports  of  ozone 
are  larger  in  the  Northern  (winter)  Hemisphere. 

Comparing  the  mendional  O3  transports  by  the 
zonal  eddies  with  the  transpons  by  the  mean- 
meridional  circulation,  we  see  that  they  are  of  the 
same  order  of  magnitude  and  that , above  about  6 km . 
the  two  transports  are  genet  ily  in  the  opposite 
directions.  However,  as  shown  dv  the  sum  of  the  two 
transports  in  the  bottom  panel  of  Fig.  24.  the  trans- 
ports by  the  mean-mendional  circulation  and  by  the 
atmospheric  eddies  do  not  cancel  one  another.  One 
or  the  other  transpon  process  dominates,  and  the 
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Fig.  :4.  Mendiontl  tnnspons  of  ozone  (ions  s"'  per  km  verucal  height], 
averaged  for  the  last  20  days  of  the  mtegnuon  (12-SI  January).  Top:  Trans- 
port by  the  mean-mendionaJ  circuiauon.  Middle:  Transpon  by  the  zonal  ed- 
dies. Boaom:  Total  mendional  transpon.  Southward  transpon  is  shaded. 
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Fig.  2J.  Verticilly  imegntcd  meridionml  transpons  of  ozone, 
averafcd  ibr  the  last  20  days  of  the  integration  (12-31  January). 


magnitude  of  the  net  transport  is  comparable  to  that 
of  the  two  components.  In  general,  the  total  merid- 
ional Os  transport  has  larger  magnitudes  in  the 
Northern  (winter)  Hemisphere. 

Fig.  25  shows  the  vertically  integrated  meridional 
transports  of  ozone  by  the  mean-meridional  circula- 
tion, bv  the  zonal  eddies  and  their  sum.  The  trans- 
port by  the  mean-meridional  circulation  dominates 
in  the  tropics  and  carries  ozone  from  the  Southern 
(summer)  Hemisphere  into  the  Northern  (winter) 
Hemisphere.  In  the  tropics  of  the  Northern  Hemi- 
sphere. the  eddies  produce  only  a weak  vertically 
integrated  southward  transport,  which  is  the  small 
difference  between  a large  northward  transport 
above  about  the  25  km  level  and  large  southward 
transport  below  that  level,  as  was  shown  in  Fig.  24. 
In  the  middle  latitudes  of  both  hemispheres,  the 
vertically  integrated  mean-meridional  transport 
of  ozone  is  away  from  the  poles  and  the  eddy  trans- 
port is  toward  the  poles.  The  two  transports  are 
of  comparable  magnitude  in  the  middle  latitudes  and 
have  their  maxima  at  about  50*N  and  45*S:  but  the 
eddy  transport  dominates,  so  that  in  the  middle  lati- 
tudes the  direction  of  the  total  meridional  Oj  trans- 
port is  in  the  direction  of  the  eddy  transport.  Pole- 
ward  of  about  60*N  latitude,  both  the  vertically 
integrated  mean-meridional  transport  and  eddy  trans- 
port have  changed  sign,  but  here  it  is  the  mean- 
meridional  transport  which  dominates  and,  there- 
fore. here  also  the  net  transport  is  toward  the  poles. 

2)  Vertical  transport 

Tig.  26  shows  the  simulated  Januap'  vertical  0) 
transports  by  the  mean- meridional  circulation  and 
the  zonal  eddies,  and  the  sum  of  the  two  transports. 
The  vertical  transport  by  the  mean-meridion^  cir- 


culation, shown  in  the  top  panel  of  Fig.  26,  agrees 
in  sign  with  the  mass  transport  by  the  mean-merid- 
ional circulation,  shown  in  Fig.  9.  Within  the  tropo- 
sphere, the  descending  branches  of  the  circulation 
cells  carry  more  ozone  than  the  ascending  branches. 

The  vertical  transport  of  ozone  by  the  zonal  ed- 
dies, shown  in  the  middle  panel  c Fig.  26,  is  down- 
wanl  almost  everywhere  in  the  troposphere  and 
lower  stratosphere,  and  upward  over  most  of  the 
middle  and  upper  stratosphere.  This  shows  that, 
with  respect  to  the  time  and  zonally  averaged  0) 
mixing  ratio  (shown  in  the  middle  panel  of  Fig.  20), 
the  vertical  eddy  0,  transport  is  a downgradient 
transport  over  most  of  the  atmosphere,  but  that 
from  about  30  km  down  to  as  low  as  10  km,  the 
vertical  eddy  transport  of  ozone  is  a couniergradi- 
ent  transport. 

Comparing  the  vertical  eddy  transport  (the  middle 
panel  of  Fig.  26)  with  the  meridional  eddy  transport 
(the  middle  panel  of  Fig.  24)  shows  that  in  the  mid- 
dle latitudes  of  the  lower  stratosphere  the  eddies 
transport  ozone  downward  and  poleward.  This  is 
what  we  expect  from  the  known  wave  motions  in 
the  lower  stratosphere,  where  the  poleward-moving 
warm  (and  ozone-rich)  air  sinks  and  the  equator- 
ward-moving  cold  (and  ozone-poor)  air  rises*.  In  the 
troposphere,  between  about  35*N  and  40*S,  the  ed- 
dies transport  ozone  downward  and  toward  the 
equator.  This  is  what  we  expect  from  the  known 
wave  motions  in  the  troposphere,  where  the  pole- 
ward-moving warm  (and  ozone-poor)  air  rises  and 
the  equatorward-moving  cold  (and  ozone-rich)  air 
sinks.  However,  in  the  middle  latitudes,  especially 
in  the  Northern  Hemisphere,  the  eddies  transport 
ozone  downward  and  poleward.  This  is  a change 
from  the  earlier  results  presented  by  Mintz  and 
Schlesinger  (1975)  which  showed  that  the  eddy  trans- 
port was  downward  and  equatorward  in  the  tropo- 
spheric middle  latitudes.  Why  this  feature  of  the 
20-day  average  eddy  transport  differs  from  what  we 
expect  from  baroclinic  ecldy  theory  is  not  under- 
stood Ritd  is  being  investigated  using  the  simula- 
tion data. 

As  shown  in  the  top  and  middle  panels  of  Fig.  26, 
the  vertical  transport  of  ozone  by  the  mean-merid- 
ional circulation  has  a structure  which  varies  mainly 
in  the  meridional  direction,  and  the  vertical  trans- 
port of  0)  by  the  eddies  has  a structure  which 
varies  mainly  in  the  vertical  direction,  'this  means 
that  the  two  vertical  transport  processes  will  alter- 
nately be  in  phase  and  out  of  phase  in  the  north- 
south  direction.  But  the  vertical  Oj  transport  by  the 
mean-meridional  circulation  is  almost  everywhere 
larger  in  magnitude  than  the  venical  transport  by 
the  eddies.  Consequently,  the  total  vertical  Oj 
transport,  shown  in  the  bottom  panel  of  Fig.  26,  is 
very  similar  in  pattern  to  the  vertical  0,  transport 
by  the  mean-meridional  circulation  itself.  In  the  mid- 
dle latitudes  of  both  hemispheres,  below  about  27 
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Fio.  26.  Vtrtisal  tnuupom  of  ozone  [tens  r'  p«r  4*  l«u(udc|,  zvenfed 
for  Um  lait  20  days  of  th«  inttfration  .12-31  Jaaturyl.  Top;  Transport  by  the 
maaa-mandional  orculauon.  Middle;  Tranepon  by  the  zo^  eddies.  Bonom; 
Total  vefttcal  vusport.  Upward  trmspott  a shaded. 
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Fig.  J7.  Zonally  and  latitudinaJly  imegraied  vertical  transports 
of  ozone,  averafcd  for  the  last  20  days  of  the  inieiration  (12-31 
January).  Posiuve  values  are  downward  ozone  transports.  The 
solid  arrow  shows  the  downward  ozone  transport  into  the  lowest 
model  layer,  the  dashed  arrow  shows  the  surface  destruction  rate. 

km,  the  vertical  transport  by  the  eddies  is  in  phase 
with  the  transport  by  the  mean-meridional  circula- 
tion, and  this  produces  the  pronounced  downward 
total  transport,  with  maxima  that  slope  down- 
ward toward  the  equator.  It  is  this  cooperative 
downward  transport  which  causes  the  0]  mixing 
ratio  isopleths  to  dip  downward  toward  the  equator 
in  the  middle  latitudes  of  the  troposphere  (as  seen 
in  the  middle  panel  of  Fig.  20),  and  which  supports 
the  surface  destruction  rate  maxima  in  the  tropics 
(shown  in  Fig.  23).  This  is  in  contrast  to  the  up- 
ward transport  by  the  mean-meridional  circulation, 
just  south  of  the  equator,  which  makes  the  lines  of 
constant  0]  mixing  ratio  bulge  upward  relative  to 
their  elevation  in  higher  latitudes. 

Fig.  27  shows  the  zona'ly  and  latitudinally  inte- 
grated vertical  Oj  transpons,  as  obtained  ftom  the 
pole-to-pole  integration  of  the  transpons  shown  in 
Fig.  26.  The  transpen  by  the  mean-meridional  cir- 
culation is  downward  in  the  troposphere  and  lower 
stratosphere,  upward  in  the  middle  stratosphere, 
and  almost  ;ero  in  the  upper  stratosphere.  The 
transpon  by  the  eddies  has  a similar  distribution. 
Except  near  the  tropopause.  the  venical  transpon 
by  the  eddies  is  several  times  larger  than  the 
transpon  by  the  mean-meridional  circulation.  This 
dominance  by  the  eddies  is  due  to  the  fact  that  the 
venical  transpon  by  the  mean- meridional  circula- 


tion changes  sign  with  latitude,  whereas  the  veni- 
cal transpon  by  the  eddies  changes  sign  with  alti- 
tude, as  was  shown  in  Fig.  26.  Thus  it  is  that  in  the 
global  (i.e.,  one-dimensional)  sense,  the  eddies  are 
more  important  than  the  mean-meridional  circula- 
tion in  transponing  ozone  from  one  level  of  the 
atmosphere  to  another.  In  this  one-dimensional 
sense,  moreover,  the  upward  eddy  transpon  of  Oj 
between  20  and  3 1 km  is  a countergradient  transpon. 

3)  Transport  convergences 

Fig.  28  shows  the  meridional  distribution  of  the 
convergence  of  the  O,  transpon  as  simulated  for 
January.  The  top  panel  shows  the  convergence  of 
the  0]  transpon  by  the  mean-meridional  circulation 
(the  convergence  of  the  meridional  transpon  by  the 
mean-meridional  circulation  shown  in  the  top 
panel  of  Fig.  24,  plus  the  convergence  of  the  veni- 
cal transpon  by  the  mean-meridional  circulation 
shown  in  the  top  panel  of  Fig.  26).  The  middle  panel 
shows  the  convergence  of  tl.e  O3  transpon  by  the 
zonal  eddies  (the  convergence  of  the  meridional 
eddy  transpon  shown  in  the  middle  panel  of  Fig.  24, 
plus  the  convergence  of  the  vertical  eddy  transport 
shown  in  the  middle  panel  of  Fig.  26).  The  bottom 
panel  shows  the  sum  of  all  the  Oj  transport 
convergences. 

We  see  that  the  convergences  of  the  transports 
by  the  mean-meridional  circulation  and  by  the  eddies 
are  in  large  measure  out  of  phase.  They  partially 
cancel  one  another,  but  a well-organized  residual 
field  of  somewhat  smaller  magnitude  re<  .airs,  as 
seen  in  the  bottom  panel  of  Fig.  28. 

If  we  compare  the  bottom  panel  of  Fig.  28  with 
Fig.  22  and  the  dashed  curve  in  Fig.  23.  we  see  that 
in  a general  way  there  is  a one-to-one  correspond- 
ence between  the  O3  transport  divergence  (con- 
vergence) and  the  O3  sources  (sinks).  The  two  large 
photochemical  sinks,  one  centered  at  40°N  and  28 
km  elevation  and  the  other  centered  at  lO'S  and  36 
km  elevation,  are  in  regions  of  large  0,  transport 
convergence;  the  large  photochemical  source,  cen- 
tered at  20*S  and  25  km  elevation,  is  in  a region  of 
large  Oj  transport  divergence;  and  the  large  surface 
sink,  with  its  maximum  in  the  tropics,  agrees  with 
the  transport  convergence  within  the  lowest  model 
layer. 

The  comparison  of  Fig.  22  and  the  bottom  pane! 
of  Fig.  28  enables  us  to  draw  some  conclusions  about 
the  influence  of  the  O3  transports  on  the  O,  produc- 
tion. For  example,  the  region  of  large  O3  produc- 
tion. which  is  centered  at  20®S  and  25  km  elevation, 
is  one  in  which  the  divergence  of  the  transport,  due 
mainly  to  the  ascending  branch  of  the  Hadley  cir- 
culation and  the  tountergraditm  vertical  eddy 
transpon.  maintains  the  0,  concentration  at  less 
than  its  photochemical  equilibrium  value;  whereas, 
immediately  above  this  level,  these  vertical  trans- 
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Fig.  29.  Vertical  integrals  of  the  convergence  of  the  ozone 
transport  by  the  mean-meridional  circulanon  and  by  the  zonal 
eddies,  averaged  for  the  last  20  days  of  the  integration  (12-31 
January). 

port  processes  maintain  the  ozone  concentration 
at  a value  greater  than  the  photochemical  equilib- 
rium value.  Similarly,  in  the  midUle  and  higher  lati- 
tudes, it  is  the  poleward  transports  by  both  the  ed- 
dies and  the  mean-meridional  circulation  which 
maintain  the  ozone  concentiation  at  a value  greater 
than  its  photochemical  equilibrium  value. 

Fig.  29  shows  the  vertical  integrals  of  the  con- 
vergences of  the  ozone  transports  by  the  mean- 
meridional  circulation  and  by  the  zonal  eddies,  and 
the  sum  of  the  two  vertically  integrated  convergences. 
These  curves  correspond,  of  course,  to  the  deriva- 
tives of  the  rolcward  transports  shown  in  Fig.  25. 
Again,  ' i see  the  high  degree  of  compensation 
between  the  two  processes.  The  heavy  curve  in  Fig. 
29  is  shown  again  in  Fig.  30.  together  with  the 
vertically  integrated  photochemical  Oj  production 
rate  and  the  surface  destruction  rate  (taken  from 
Fig.  23)  and  the  sum  of  these  terms.  As  expected, 
in  the  tropics  and  middle  latitudes  of  the  Southern 
Hemisphere,  ozone  is  being  decreased  by  meridional 
transport  divergence  and  increased  by  the  photo- 
chemistry. Poleward  of  this  region  in  both  hemi- 
spheres. ozone  is  being  increased  by  the  meridional 
transport  convergence  ar.d  destroyed  by  the  photo- 
chemistry. In  most  latitudes  the  magnitude  of  the 
surface  destruction  is  much  smaller  than  the  mag- 
nitudes of  the  transport  convergence  and  photo- 
chemical production. 

6.  Summary  and  discussion 

The  photochemical  production  and  destruction 
of  ozone  in  the  atmosphere  is  greatly  dependent 
on  the  atmospheric  motion  held.  In  some  regions, 
the  Oi  transport  divergence  maintains  the  local 
0)  concentration  below  its  photochemical  equilib- 


rium value  and  this  leads  to  photochemical  Oj 
production.  In  other  regions,  the  O3  transport  con- 
vergence maintains  the  local  Oj  concentration  above 
its  photochemical  equilibrium  value  and  this  leads  to 
photochemical  O3  destruction. 

The  motion  field,  in  turn,  depends  on  the  atmos- 
pheric heating  field  and,  in  the  stratosphere,  the 
heating  depends  in  large  part  on  the  O,  absorption 
of  solar  radiation.  But  the  motions  in  the  strato- 
sphere are  not  governed  solely  by  the  radiational 
heating  of  the  stratosphere.  To  a large  extent  the 
stratospheric  circulation  is  driven  by  a mechanical 
transfer  of  energy  from  the  underlying  troposphere. 
Thus  it  is  that  the  distribution  of  ozone  and  its  photo- 
chemical source:,  and  sinks  depend  on  the  general 
circulation  of  the  troposphere  and  stratosphere  as 
a coupled  system. 

Inasmuch  as  the  O3  transports  and  transport 
divergences  in  large  measure  depend  on  the  vertical 
air  velocities,  and  these  venical  velocities  cannot 
be  directly  determined  from  observations  with  the 
required  accuracy  and  distribution  in  space  and 
time,  we  must  resort  to  the  method  of  numerical 
simulation  with  an  atmospheric  general  circulation 
model  to  learn  how  the  ^obal  ozone  is  produced 
and  transported. 

In  the  Introduction  the  question  was  posed:  Is  th* 
net  poleward  ozone  transport  produced  by  the  mean- 
meridional  circulation  or  by  the  zonal  eddies  in  the 
atmospheric  motion  field?  TTie  answer  is — they  both 
contribute.  In  tropical  and  subtropical  latitudes, 
and  within  the  polar  caps,  the  mean-meridional  cir- 
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Fig.  30  Verticaily-integraied  photochemical  0,  production 
rate,  surface  destrucuon  rate,  convergence  of  the  O,  transpon. 
and  the  sum  of  diese  terms,  averaged  for  the  last  20  days  of 
the  integration  (12-31  January) 
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culation  transports  ozone  poleward  and  dominates; 
in  the  middle  latitudes,  the  zonal  eddies  transport 
ozone  poleward  and  dominate.  This  is  in  agreement 
with  other  general  circulation  model  transport  cal- 
culations such  as  that  of  Hunt  (1969). 

We  have  found,  furthermore,  that  the  net  vertical 
Os  transport  (the  transport  averaged  over  all  longi- 
tudes and  latitudes)  is  dominated  by  the  zonal 
eddies,  and  that  over  the  atmospheric  layer  between 
20  and  31  km  elevation,  this  transport  is  a counter- 
gradient transport.  This  result,  however,  may  be  due 
to  the  fact  that  the  simulated  ozone  did  not  reach 
equilibrium  or  to  the  simplicity  of  the  model’s 
photochemistry. 

We  have  seen  that  the  numerical  simulation  pro- 
duced a large  negative  correlation  between  total 
ozone  and  middle-troposphere  pressure,  especially 
with  respect  to  the  transient  waves.  This  correla- 
tion has  long  been  known  from  observations,  but  the 
reason  for  it  has  remained  obscure.  But,  in  the 
simulation,  aU  of  the  terms  in  the  ozone  budget  and 
all  the  components  of  the  atmospheric  motion,  mass 
and  heating  fields  are  recorded  with  high  precision 
and  resolution  in  space  and  time,  sc  that  firom  these 
data  it  should  be  possible  to  find  the  reason  for  the 
high  negative  correlation.  In  fact,  Schlesinger  is 
undertaking  that  task  with  the  data  set  generated 
in  this  simulation  experiment. 

There  is  a possible  practical  application  of  the 
high  negative  correlation  between  total  ozone  and 
pressure  in  the  middle  troposphere,  namely,  the 
determination  of  a reference  height  for  numerical 
weather  prediction  initialization  in  data  sparse  re- 
gions. If  we  can  obtain  an  accurate  measure  of  the 
total  ozone  by  remote  sensing  from  satellites, 
then,  as  we  have  seen,  that  measurement  might  be 
used  to  determine  the  S(X)  mb  height  to  something 
like  35  m rms  error. 

On  the  other  hand,  if  we  wish  to  determine  the 
three-dimensional  distribution  of  ozone  from  incom- 
plete ozone  observations,  the  best  way  may  be  to  use 
an  atmospheric  general  circulation  model  and  the 
technique  of  four-dimensional  data  issimilation  as, 
for  example,  was  done  by  Miyakoda  et  al.  (1976) 
to  determine  the  three-dimensional  distribution  of 
the  wind  field  from  incomplete  wind  observations. 
In  this  technique,  continuous  insertion  of  incom- 
plete observational  data  into  an  atmospheric  gen- 
eral circulation  model  which  carries  the  dependent 
variables  forward  in  time,  will  use  information  that 
has  a good  resolution  in  time  as  a substitute  for  good 
resolution  in  space.  The  three-dimensional,  synoptic 
ozone  distributions  which  will  be  obtained  by  such 
a dynamical  analysis  of  the  ozone  observations 
should  be  superior  to  the  conventional  static  forms 
of  analysis  of  the  ozone  observations. 
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APPENDIX 

Ozone  Continuity  Equations 

In  spherical  and  cr-coordinates  the  ozone  con- 
servation equation  may  be  written  in  flux  form  as 

a , d d 

— (a*  cosifrirq)  — (amtq)  — (a  cos<bmq) 

dt  d\  d<i> 

d 

(a*  cos<^dq)  = a*  cos<frirO,  (Al) 

da 

where  t,  X,  (j>  are  time,  longitude  and  latitude;  a is 
the  vertical  coordinate  defined  by 

a * {p  - p,)/iT,  (A2) 

^ ^ I = p,  - Pr.  PT^P  <P, 
Ut^Ps-Pf.  Pt<P*Ps, 

with  Pt  * 1 mb,  p,  = 100  mb  and  Ps  the  surface 
pressure,  which  varies  with  \,  d>  and  ^ is  the 
ozone  mixing  ratio:  u . c,  d-  are  the  zonal,  meridional 
and  vertical  velocity  components:  a is  the  earth's 
radius;  and  0 is  the  ozone  source  (and  sink)  per 
unit  mass  of  air.  Letting  k denote  the  vertical  index 
in  the  model  (0  < k « 24),  with  the  even-numbered 
k denoting  the  interfaces  of  the  12  model  layers,  the 
vertical  finite-difference  analog  of  (Al)  used  by  the 
model  is 
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(a*  co%<^q„)  + (air*«»^t) 

w ok 


_a_ 
d4> 
a*  cos4 


(a  cos^kfk9k) 


A(7t 


where 


a*  coa<^i,(ik,  k odd,  (A4) 


Aff*  ■ (Tis-n  - OTk-i, 

1Tb,  A:  < 14 
itl.  Ac  < 14 


ITk 


(A5) 


and  4 is  the  even-level  Oa  mixing  ratio  given  by  the 
logarithmic-conserving  vertical  advection  scheme 
(see  Schlesinger,  1976a).  Introducing 


« 7Ti,a*A^AX  cosd»,  A * irk^<kaA<6. 
gk  * ff'kfk^AX  cosd> 

Jk+,  * (ir<r)**,a*A^AX  cos<6 


. (A6) 


(with  AX  ■ 5*  and  A^  “ 4*),  Eq.  (A2)  may  be 
written  as 


d d d 

— (»«*<?*)  + (Aq*)  + (gWk)  + 

dt  dx  ay 


1 

A<Tt 


X [Sk*.qk.M  - ^k-i4k-.l  - (AT) 


wherex  « X/AXandy  « <^A<6.  Integrating  the  time- 
averaged  form  of  (AT)  around  a latitude  circle  gives 

d d ^ 

2ir'(m*q»]  + 2n-'(g*q*j 

df  dy 

+ (2ir'(s»*,q,»,J  - 2ir'(j*.,q».,]) 

A<r» 

« 2ir'[m*6»1,  (A8) 


where  ir'  > 3.14159  ....  square  brackets  denote 
the  zonal  average  and  the  overt>ars  the  time  average. 

Because  the  mass-weighting  term  rr,  for  m , g and 
s in  (A8).  is  discontinuous  across  the  100  mb  level, 
as  shown  by  (A3).  (AS),  and  (A6),  we  normalize  the 
results  by  multiplying  (A8)  by  A<r«/(l()g'Azt),  where 
Az*  is  the  nominal  layer  thickness  shown  in  Fig.  1 
and  g'  is  the  acceleration  of  gravity.  Thus  (A8)  may 
bw  written  as 


27r'[.\/fc4»]  - - 

df  dy 

~ (2w  (JtZiqk+J  ~ 2?r  [.^t-iq*-iJ) 


where 


CA<r»  ^ 

.Vf*  rrik,  Gic 

Az* 


+ 2ir'[MkPk\,  (A9) 

CStTk 


Azt 


■g*. 


5k*t  ■ —-fk^i.  C * l/(10g'). 

AZk 


(AlO) 


Eq.  (A9)  is  the  form  in  which  the  results  are 
presented.  It  expresses  the  fact  that  the  time-aver- 
aged rate  of  change  of  ozone  (in  metric  tons  per 
second)  within  a latitudinal  ring  which  is  4°  wide  and 
1 km  deep)  is  due,  respectively,  to  the  convergence 
of  the  time-averaged  meridional  ozone  transport 
through  the  vertical  sides,  the  convergence  of  the 
time-averaged  vertical  ozone  transport  across  the 
horizontal  boundaries,  and  the  time-averaged  ozone 
production  or  destruction  within  the  ring.  For  the 
lowest  model  layer,  the  last  term  in  (A9)  has  an 
additional  component  which  represents  the  time- 
averaged  destruction  of  ozone  at  the  earth's  surface. 
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ADVANCED  METEOROLOGICAL  TEMPERATURE  SOUNDER  (AMTS) 
SIMULATIONS 
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ABSTRACT 

This  is  a report  of  siiaulatlon  studies  on  tenperature 
retrievals  AMIS  and  their  effect  on  atnoepherie 
analysis.  Observations  are  sinulated  from  radioaonde 
reports  and  observed  cloud  cower.  Tlmperatuie  retrievals 
are  performed  and  IMS  tenperature  and  thickness  errors  are 
calculated  relative  to  the  radiosonde  profiles  and  ooie- 
pared  to  similarly  generated  HIRS  statistics.  Significant 
imcrcvement  over  HIRS  is  found  throughout  the  atnospiiere 
but  specially  in  the  stratosiAiere  and  lower  tropoigbere. 
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■ALANCE  FOR  WINTER  AND  SUMMER 


M.  L.  C.  Wu,  National  Naaaareh  Council,  Waihington,  DC  and  Goddard 
Spaca  FH§ht  Cantor,  Gnanbalt,  Maryland 


MSmCT 

The  radiotion  balartoe  of  the  eaurth-adaciatiiere  syston 
■limilated  by  using  the  general  circulation  nodel  (OCM) 
of  the  Ubocabocy  for  Abnqpheric  acienoes  (GiAS)  is 
•xaminsd  in  tagards  to  its  geogtaphloal  distribution, 
sonslly-afversgsd  distribution,  and  global  aean.  M>st 
of  the  asln  features  of  the  radiation  balanoe  at  the 
top  of  the  ataniAen  are  reasonably  sinulated,  with 
SOM  dlfferenoes  in  the  deuiled  structure  of  the  pat- 
terns and  Intensities  for  both  sutner  and  winter  in 
oonpsrison  with  values  as  derived  frosi  Nimbus  and  NQM 
(National  Oceanic  and  Atmoapherlc  ASninlstration) 
satellite  observations.  Both  the  capability  and  de- 
fects of  the  model  are  discussed. 
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From  the  International  Union  of  Geodesy  and  Geophysics  (lUGG)  Proceedings  — Middle  Atmo- 
sphere Symposium,  December,  1979,  Canberra,  Australia. 


MIDDLE  ATMOSPiiERE  RESPONSE  TO  MEASURED 
RELATIVISTIC  ELECTRONS 

J.  R.  Barcus  (Dept,  of  Physics,  University  of  Denver,  Denver,  Colorado 
80210  and  NAS-NRC  Senior  Resident  Associate,  NASA/Goddard  Space 
Flight  Center,  Greenbelt,  Maryland  20771  USA) 

R.  A.  Goldberg  and  E.  R.  Hilsenrath  (both  at  NASA/Goddard  Space  Flight 
Center,  Laboratory  for  Planetary  Atmospheres,  Greenbelt,  Maryland 
20771  USA) 

J.  D.  Mitchell  (Dept,  of  Electrical  Engineering,  University  of  Texas 
at  El  Paso,  El  Paso,  Texas  79968  USA) 


It  is  now  apparent  from  satellite  data  that  relativistic  electrons 
are  discharged  from  the  magnetosphere  during  most  auroral  substorm 
events  (e.g.,  Reagan  [1],  Thorne  [2]).  These  events  occur  with 
varying  degrees  of  intensity  and  spectral  hardness,  and  with  major 
fluctuations  in  duration  and  geographic  extent.  During  two  indepen- 
dent rocket  programs,  Aurorozone  I and  II  at  Poker  Flat  Research 
Range,  Alaska  (65.1°N,  147. 5°W,  magnetic  dip  = 77.2'’)  in  September 
1976  and  March  1978  respectively,  we  have  observed  frequent  pene- 
tration and  absorption  of  relativfistic  electrons  between  40-70  km 
altit  dc.  IVc  have  also  been  able  to  compare  this  relativistic  electron 
source  with  hremsstrahlung  x-ray  energy  deposition  in  the  same  alti- 
tude domain.  Correlated  atmospheric  electrical  response  was  simul- 
taneously observed.  Ozone  was  also  measured  following  each  event  to 
determine  its  departure  from  quiet  nighttime  values.  The  preliminary 
results  for  Aurorozone  I have  already  been  reported  [3].  There  we 
found  that  the  relativistic  electrons  observed  on  September  23,  1976 
dominated  x-ray  brcmsstrahlung  as  an  energy  source  to  an  atmospheric 
depth  of  55  km.  Above  this  height,  the  deposition  ratio  rapidly  grew 
to  a value  greater  than  100,  clearly  demonstrating  the  dominant  role 
of  relativistic  electrons  as  an  important  energy  source  for  this 
lower  mesospheric  domain.  This  note  concentrates  on  our  preliminary 
findings  for  Aurorozone  II,  during  which  we  flew  a newly  developed 
payload  (XRG,  first  described  in  [5]),  to  make  simultaneous  measure- 
ments of  the  energy  sources  and  atmospheric  electrical  response  on 
a single,  integrated,  parachute-borne  payload. 
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Remote  measurement  of  tropospheric  ozone 

Jack  L.  Button,  Richard  W.  Stewart,  and  Chi  Weng 

Chi  W«n|  it  with  Syttemt  & Applitd  Scicnctt  Corpora- 
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Maryland  20771. 
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Differential  absorption  lidar  using  a pulsed  COi  laser  and 
a direct  detection  receiver  is  capable  of  significantly  improving 
the  existing  data  base  on  the  tropospheric  oione  (O3)  burden. 
As  a ground-besed  system  the  lidar  could  obtain  urban  to 
regional  scale  Oj  measurements  with  a vertical  or  horizontal 
resolution  of  at  leut  1 km  in  the  troposphere.  As  a space- 
based  system  the  lidar  could  obtain  global  scale  coverage  of 
the  Os  burden  below  the  stratospheric  maximum  of  O3. 
Measurements  in  both  these  categories  are  required  to  shed 
light  on  the  dynamics  and  chemistry  of  tropospheric 
ozone.' 

The  CO]  differential  absorption  lidar  (DIAL)  measures 
backscattered  laser  energy  at  two  wavelengths  in  the  9.4-Mm 
band  of  carbon  dioxide,  which  overlap  the  9.6-Mm  band  of 
ozone.  The  logarithmic  ratio  of  backscattered  laser  energy 
at  the  two  wavelengths  is  proportional  to  the  integrated  ab- 
sorption by  O3.  Knowledge  of  the  absorption  coefficient  along 
the  propagation  path  permits  an  inversion  of  the  energy  ratio 
data  to  obtain  Os  concentrations.  A remote  target  is  used  to 
establish  a two-way  long  path  absorption  geometry  for  these 
measurements. 

Atmospheric  aerosols  serve  as  the  remote  target  for  the 
ground-based  version  of  this  system.  The  presence  of  aerosols 
throughout  the  troposphere  will  permit  Os  concentration 
measurements  as  desired.  This  is  accomplished  by  adjusting 
the  starting  time  for  integration  of  detector  output  after  the 
laser  pulse  is  transmitted.  Only  that  backscattered  laser 
energy  lying  within  a selected  range  coll  (integration  period) 
contributes  to  the  differential  absorption  measurement. 
Since  absorption  at  a given  altitude  depends  on  wavelength 
and  the  thermodynamic  state  of  the  atmosphere,  in  addition 
to  Os  concentration,  inversion  of  the  lidar  data  requires 
models  or  data  for  temperature  and  pressure  in  addition  to 
an  Os  line  parameter  compilation. 

For  space-based  applications  the  ocean  surface  provides  the 
remote  target  for  the  COj  DIAL  system.  The  enhanced 
specular  return  from  the  ocean  at  a nadir  viewing  angle  pro- 
vides the  SNR  necessary  for  energy  measuremenu.^  Since 
the  main  concentration  of  Os  is  m the  stratosphere,  a selective 
weighting  must  be  used  to  separate  the  tropospheric  compo- 
nent. The  location  of  COs  laser  lines  in  the  preuure- broad- 
ened wings  of  Os  lines  provides  this  weighting.  Near  the 
earth's  surface  the  Os  linewidth  is  about  0.22  cm*',  and  quite 
a number  of  Os  lines  contribute  to  absorption  at  any  particular 
COs  line.  The  linewidth  decreases  to  about  0.05  cm*'  and 


0.01  cm*',  respectively,  at  the  tropopause  (12  km)  and  the 
stratospheric  maximum  of  Os  (22  Im).  At  these  higher  alti- 
tudM  relatively  few  Os  lines  contribute  to  laser  absorption, 
and  those  that  do  have  a smaller  effect  As  a result  the  ab- 
sorption coefficient  (km*')  is  often  greater  near  the  earth's 
surface.  Laser  lines  can  be  choeen  from  approximately  15 
strong  lines  in  the  P branch  of  the  9.4-Mm  CC^  band  in  order 
to  maximize  this  weighting  to  the  troposphere.  A fine  tuning 
of  the  weighting  effect  is  possible  by  control  of  laser  linewidth 
in  the  0.13-cm~'  pressure-broadened  envelope  of  the  laser. 
These  effects  provide  a discrete  tuning  capability  to  optimize 
the  Os  measurement  even  though  the  COs  DIAL  system  op- 
erates at  fixed  laser  frequencies. 

The  principal  components  of  a prototype  COs  DIAL  system 
now  undei  development  are  illustrated  in  the  block  diagram 
of  Fig.  1.  Output  laser  energy  is  1 J/pulse,  multimode,  with 
a 50-nsec  pulsewidth  and  a 1-mrad  divergence.  This  energy 
is  divided  more  or  less  equally  between  two  lasing  wavelengths 
selectable  by  independent  grating  drives.  A small  portion  of 
the  transmitted  laser  beam  is  directed  back  into  the  receiver 
optica  for  use  as  an  energy  monitor  for  each  laser  pulse.  Re- 
ceiver optics  include  a reflector  telesimpe  follow^  by  a dif- 
fraction grating  for  separation  of  the  two  wavelengths.  The 
detector  is  a multielement  array  of  HgCdTe  photodiodes 
ciHiled  to  77  K.  These  elements  are  operated  in  the  photo- 
voltaic mode,  and  each  has  a minimum  detectivity  of  3 X 10'" 
cm-Hz''VW.  The  detector  noise  equivalent  energy  (NEE) 
is  approximately  10~'*  J for  detection  of  the  50-nsec  laser 
pulm.  An  electronic  data  system  based  on  CAMAC  and 
microprocessor  tKhnology  is  used  to  proceu  detector  signals 
for  the  differential  abMrption  statistic.  ln[(£as/En)/ 
(£ei/Eri)|.  where  Eh  and  Et  are,  respectively,  the  received 
and  transmitted  energies  measured  for  laser  wavelengths  1 
and  2.  The  data  system  can  record  the  raw  data  and  invert 
it  to  calculate  Os  concentrations.  A key  feature  of  the  elec- 
tronics is  the  capability  to  perform  a gated  integration  of  the 
received  laser  energy.  This  range  gating  feature,  also  used 
in  laser  ranging  systems,  acta  to  reduce  the  effect  of  noise  and 
provides  a distance  measuring  and  proHling  capability  for  the 
ground-based  meuurements. 

Backscattered  laser  energy  in  both  space-based  and 
ground-based  systems  is  calculated  at  10*'''  J/pulse,  a factor 
of  40  dB  over  the  detector  NEE.  These  calculations  are  based 
on  a target  backscatter  coefricient  of  0.2  sr*'  and  10**  sr*'. 
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Ki|(.  2.  Ont-way  trantinittion  from  ipaca  at  nadir  for  thraa  COr  laMr 
linaa  at  tha  indicatad  cantar  wava  numbara  ri- 

fMpactivaly,  for  the  ocean  surface^  and  a 1-km  aection  of  the 
aeroaol  laden  atmoaphere.^  For  the  latter  case  NEE  must  be 
increased  by  a factor  of  10  to  account  for  the  7 -Msec  range  gate 
necessary  for  an  integration  over  1 km.  The  resulting  de- 
crease in  SNR  can  be  made  up  by  use  of  a larger  diameter 
collection  telescope  in  the  ground-based  system.  Since  a 
complete  differential  absorption  mersurement  is  made  for 
each  dual-wavelength  pulse,  the  SNR  can  also  be  improved 
by  a factor  of  N'  by  averaging  over  S pulses  at  the  laser 
firing  rate  of  2 pulses/sec.  Detector  SNR  is  only  one  of  several 
considerations  affecting  DIAL  measurement  accuracy.  Kildal 
and  Byer'*  and  Remsberg  and  Gordley^  have  discussed  these 
in  detail.  It  is  likely  that  error  in  the  a prion  knowledge  of 
Oi  absorption  coefficients  and  the  effects  of  interfering 
species,  especially  water  vapor,  could  establish  the  limiting 
accuracy  in  the  COj  DIAL  system  described  here.  It  will  be 
necessary  to  choose  laser  lines  that  optimize  the  differential 
absorption  measurement  in  the  presence  of  all  noise 
sources. 

The  space-based  measurements  result  in  the  Oi  total  bur- 
den in  a vertical  column  weighted  more  or  less  heavily  as  de- 
scribed to  the  atmosphere  below  the  Oj  maximum.  The 
choice  of  laser  lines  determines  the  weighting  function.  This 
is  illustrated  in  Fig  2,  where  transmission  vs  altitude  is  plotted 
for  three  CO;  laser  lines  in  the  9.4-^m  band.  The  AFGL* 
HITRAN  computer  code,  line  parameter  compilation,  and 
Mid-Latitude  Winter  O3  model  were  used  to  compute  these 
one-way  transmiuions.  The  P(22)  line  is  weakly  rbscrbed 
by  O3  and  would  serve  as  a good  reference  wavelength.  The 
Pi  12)  line  is  heavily  absorb^  by  O3  with  most  of  the  absorp- 
tion in  the  stratosphere.  This  would  be  an  ideal  line  for  total 
burden  measurement  except  that  the  two-way  transmission 
would  yield  a small  SNR.  The  PUO)  line  would  be  a good 
choice  for  troposphe.'ic  O3  measurement.  Approximately 
of  its  absorption  occurs  below  12  km.  although  only  V|o  of  the 
O3  is  located  in  that  region.  Total  traiumission  on  a two-way 
path  is  about  50%  for  this  line,  which  is  an  adequate  signal 
level.  Inversion  of  the  space-based  data  proceeds  by  use  of 
vertical  profiles  of  0 1 and  interfering  species  absorption  line 
narameters  and  the  assumption  of  a shape  function  for  the 
vertical  distribution  of  0-,.  The  inversion  algorithm  can  be 
u.sed  to  extract  a scaling  factor  for  the  O.i  total  burden  in  the 
lower  atmosphere.  The  addition  of  independent  satellite 
measurements  of  stratospheric  O3  and  meteorological  profiles 
Would  improve  the  accuracy  of  this  inversion. 

The  CC^  DIAL  system  as  descnbed  here  differs  from  earlier 
systems  described  by  Murrav'  and  Asai  and  Igarashi'*  in  that 
simultaneous  energy  measurements  are  conducted  at  both 
wavelengths  in  the  differential  absorption  method.  This  has 
the  obvious  advantage  of  removing  any  wavelength-inde- 


pendent noise  such  u atmospheric  turbulence-induced 
scintillations  and  target  albedo  nuctuations.  This  will  greatly 
aid  the  ground-based  measurements  where  turbulence  is 
strong  and  aerosol  structure  is  highly  variable.  Simultaneous 
measurements  will  be  an  essential  feature  of  a space-based 
instrument  since  the  nadir  point  typically  moves  at  about  10 
km/sec.  No  two  successive  DIAL  measurements  would  use 
the  same  target.  The  range  gating  feature  is  also  a major 
improvement  that  acts  to  reduce  background  and  detector 
noise  up  to  3 orders  of  magnitude  from  continuous  wave  (cw) 
measurements.  Another  important  technique  is  the  use  of 
the  tame  detector  and  electronics  for  measurement  of  trans- 
mitted and  received  laser  energies.  Normalization  by  the 
transmitted  energy  acts  to  remove  any  pulse-to-pulse  varia- 
tions and  any  1//  noise  slower  than  the  pulse  two-way  prop- 
agation time. 

The  direct  detection  scheme  considered  here  would  at  first 
appear  to  be  quite  inferior  to  a heterodyne  detector.  Thermal 
noise  limits  give  a factor  of  at  least  10*  advantage  to  hetero- 
dyne systems  which  can  operate  at  the  quantum  limit. 
Menzies*  has  demonstrated  CO3  DIAL  measurements  with 
cw  lasers  and  heterodyne  detectors.  A typical  heterodyne 
efficiency  is.  however,  only  a few  percent. In  addition, 
spaceborne  cw  CO}  lasers  are  limited  to  a few  tens  of  watts  if 
they  must  also  have  the  single-mode  operation  and  stability 
required  in  heterodyne  detectors.  The  pulsed  CO}  TEA  laser 
pr^uces  about  20  MW  in  its  50-nsec  pulse;  hence,  the  relative 
advantage  of  the  cw/lieterodyne  system  is  lost  when  the  SNR 
is  calculated.  Another  serious  shortcoming  of  the  heterodyne 
detector  is  its  requirement  for  a diffraction-limited  field- 
of-view  (tens  of  microradians)  and  consequent  sensitivity  to 
coherent  fading  (speckle)  effects.  Gardner' ‘ has  shown  that 
the  milliradian  field-of-view  and  transmitter  divergence  angles 
possible  when  using  direct  detKtion  can  produce  several  or- 
ders of  magnitude  reduction  in  speckle  effects.  The  combi- 
nation of  a pulsed  CO}  laser  and  direct  detection  receiver 
appears  to  have  superior  performance  for  the  space-based 
measurement  of  tropospheric  ozone. 
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Thii  p«p«  nporu  Um  rttula  of  • compviMn  botwotn  upptr  itrttoiphtric  otono  eoncmtrttion 
proAlw  in  tlM  ^on  bonrotn  22  and  1.4  mbtr.  ii  dcttrminod  from  iurfact>buod  Umkthr  obtorvitioni 
ud  MUUiu  Nimbui  4 BUV  obiarvationa.  Th«  Umkthr  data,  conaiating  of  monthly  avtragM  of  obaorva* 
tiona  wtanding  ovtr  aovaral  ytan  or  tongar,  «tra  obtamad  at  thrtt  atationa  locattd  in  tha  northarn 
ham iap hart  and  two  in  tha  aoutham  hamiaphara.  Tha  BUV  data  »ara  obtamad  during  tha  panod  from 
May  1970  to  March  1971.  Aatdt  from  aoma  bita  in  tha  magnitudaa  of  tha  Umkahr  and  BUV  data,  markad 
Mwyi  cyclaa  of  oaona  concentration  in  tha  upper  atratoaphara  are  clearly  revealed.  Above  4 mbar  tha 
profliat  aho«  a aummar  minimum  and  a winter  maximum,  while  below  4 mbar  tha  annual  variation  it 
revartad  from  thia  pattern.  In  the  northern  hamiaphara  tha  winter  maximum  it  accompanied  by  a 
tacMdaty  minimum  of  !■  to  2*month  duration  near  J mbar.  Thia  ahort-ttrm  minimum  it  much  lata 
obvioua  in  tha  aoutham  hamiaphara  data.  Soma  of  tha  problem  of  attempung  to  monitor  long>tarm 
changaa  in  tha  upper  atratoaphara  are  diacuaaad  briefly. 

1.  iNTtODUCTtON 


Ramoit  Kniini  obaarvationa  of  tha  vertical  distribution  of 
ozone  uaini  tkyli|bt  mauuremema  of  Kaiterad  solar  ultravio* 
l«t  radiation  ori|inat«d  in  1934.  CSu  at  at.  [1934]  were  the  first 
to  inlbr  the  main  features  of  an  ozone  profile  from  the  <7drr 
(1931]  Umkehr  (or  rtverul)  effect.  Not  long  after,  Umkehr 
obaervationa  were  started  at  a number  of  sutions  where  Dob- 
son spcctrophotomeun  were  in  routine  use  meuuring  total 
columnar  ozone.  However,  only  a few  of  these  stations  have 
carried  on  a program  of  routine  measurements  for  10  succes- 
sive yean  or  longer. 

U ntil  the  Nimbus  4 backscattering  ultraviolet  (BUV)  expert- 
ment  began  in  April  1970  [Htaih  at  al..  1973),  Umkehr  obser- 
vations provided  the  only  record,  by  virtue  of  their  number,  of 
the  vertical  distribution  of  ozone,  having  a potential  for  deter- 
mining ozone  trends  in  the  upper  stratosphere  [e.g..  Angall  and 
Korjkornr.  1978]. 

Both  Umkehr  data  [Rantarp/an.  1969]  and  BUV  data  [Krut- 
gtf  at  al..  1973]  display  quits  similar  seasonal  variations.  A 
preliminary  comparison  of  a limited  number  of  Umkehr  and 
BUV  observations  was  done  by  DtLmi  and  Nimira  [1977], 
Both  types  of  observation  suggested  winter  maximum  and 
summer  minimum  cycles  in  ozone  concentration  above  4 
mbar.  while  below  this  level  the  cycle  appeared  to  be  approxi- 
mately 6 months  out  of  phase.  Also,  the  rclauve  amplitude  of 
the  cycle  was  seen  to  dimmish  with  dacreuing  altitude,  i.e., 
going  downward  from  the  highest  levels  observed  (>  45-50 
km). 

Ultraviolet  remote  sensing  methods  for  observing  the  verti- 
cal distnbution  of  ozone  cannot  reveal  detailed  structure  ow- 
ing to  certain  inherent  physical  limitauons  dictated  by  the 
natural  process  of  diffuM  transmiuion  and  reflection  (back- 
scattering)  by  the  earth's  atmosphere.  Basically,  ultraviolet 
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light  Katured  by  the  atmosphere  originates  from  a rather 
thick  layer  with  a half-amplitude  thickness  of  approximately 
10  km.  The  altitude  of  this  KSttering  layer  depends  mainly 
upon  the  solar  zenith  angle,  the  strengths  of  molecular  scatter- 
ing and  ozone  absorption  (which  are  wavelength  dependent), 
and  the  vertical  profile  of  ozone  [Matetr.  1963].  In  the  case  for 
downward  scattering  towards  the  earth’s  surface  an  additional 
scattering  layer  having  iu  maximum  at  the  surface  is  a per- 
sistent feature  which  arises  from  higher-order  scattering  by  the 
atmosphere. 

In  this  paper  we  briefly  describe  the  Umkehr  and  the  BUV 
methods.  We  then  compare  monthly  averages  of  U mkehr  data 
with  monthly  averages  of  preliminary  BUV  data.  The  BUV 
data  were  obtained  dunng  the  period  from  May  1970  to 
March  1971,  the  first  year  of  operation  of  the  Nimbus  4 
satellite.  Umkehr  data  are  averages  of  from  8 to  21  years  of 
observations  at  various  stations.  The  BUV  data  are  prelimi- 
nary in  that  all  known  instrumenul  corrections  have  not  been 
applied  to  the  radiance  observations,  and,  moreover,  a final 
measurement  evaluation  procedure,  which  will  be  uniformly 
applied  to  all  observations,  hu  not  been  used  to  generate  the 
present  data  set. 

A problem  that  frequently  prevails  with  remote  tensing 
methods  is  that  of  systematic  biu  in  the  estimation  (or  solu- 
tion) procedure.  The  causes  can  be  mstru  mental  or  due  to  the 
lack  of  a complete  understanding  of  the  physical  processes 
involved.  There  may  alto  be  one  or  more  fundamental  limita- 
tions in  the  method  itMlf.  The  final  part  of  the  present  investi- 
gation looks  briefly  at  the  problem  of  systematic  differences 
between  the  Umkehr  and  BUV  data. 

2.  The  Umkshk  .Method 

The  Umkehr  effea  and  methods  for  retneving  the  vertical 
ozone  profile  from  observations  of  the  effea  have  been  dt- 
tenbed  extensively  m literature  [Cdc.  1931.  C6t:  tt  al , 1934. 


Diuck,  1939;  Matttr.  1963].  For  our  purpotti  htrc  it  will 
lutlllco  to  rtitcriti  that  it  it  an  indiract  mtthod  and,  con* 
aoqutntly,  bacauM  of  tha  inharant  nonuniquanaH  of  luch 
mathodi,  tha  darivad  otona  profliat  dapand  to  loma  axtant  on 
tha  deuili  of  tha  mathamatical  invanion  Khama  uiad  to  aval* 
uata  tha  oburvationt.  In  thii  itudy,  wa  hava  uiad  dau  from 
Otoiu  Data  for  ike  World  [I960].  Tha  ^andard  Umkchr 
avaluation  tyitant  [Matter  ami  DSuek,  1964]  currently  in  um 
at  the  World  Osona  Data  Centra  (WODC)  wu  uiad  to  proc- 
au  the  Umkchr  mcaiuremenu. 

Companion  of  Umkehr-derived  ozone  profilai  with  thoia 
obtained  concurrently  by  balloon*bome  ozonciondei,  up  to 
tha  avaraie  balloon  cailini  of  about  30  km,  ihow  that  tha 
imoothing  inherent  in  the  indirect  method  cauia  Umkchr  pro- 
filci  to  have  too  little  otona  near  tha  level  of  maximum  ozone 
deniity  and  too  much  ozone  above  and  bdow  the  maximum 
[Beikoa.  1966;  Craig  et  al.,  1967;  Diuek  and  Ling,  1969;  Kid- 
kami  and  Fiitock,  1970].  Inadequaciei  in  the  current  Umkchr 
evaluation  lyitem  may  alio  be  partially  raiponiiblc  for  thcic 
diflcrencci  [DeLuisi  and  Matter,  1971]. 

In  addition  to  thcie  proflie  charactcriitici  that  arc  in* 
troduced  by  the  particular  propertiei  of  the  lolution  method, 
other  biaiei  arc  prcicnt  bacauu  of  the  neglect  of  caruin  phyi* 
ical  elTecti.  The  neglect  of  abiorption  and  icattering  by  haze 
particle!,  for  example,  rciulti  in  too  low  ozone  concentration! 
in  the  higher  layen  (30-43  km)  of  the  atmoipherc  ind  too  high 
concentration!  in  the  lowcit  layen  [DeLuiti,  1969;  DeLuisi  tt 
al.,  1973].  Haze  elTecu  could  conceivably  produce  wme  ica* 
lonal  variationi  in  the  profilei.  Moreover,  the  neglect  of  the 
temperature  dependence  of  the  ozone  abiorption  coeffidenu 
not  only  produce!  lomc  overall  biu  in  the  reiulti  but  alio 
could  produce  a fictitioui  leaional  variation  in  the  profila 
[DeLuisi,  1971].  Both  typci  of  variation  are  thought  to  be  of 
the  order  of  a few  percent  in  the  higher  layers  and  about  10% 
in  the  lowest  layen  during  unperturbed  conditions  (i.c.,  low 
volcanic  activity).  In  the  middle  layen  the  temperature  depen* 
dence  exerts  lit’.le  influence  on  the  results. 

The  WODC  solution  model  divides  the  atmosphere  into 
nine  layen.  the  lint  extending  from  the  earth's  surface  to  230 
mbar,  while  for  the  second  through  ninth  layen  the  preuure  at 
the  top  of  the  layer  is  one  half  that  at  the  bottom.  AlLhcugh  a 
fixed  pressure  does  not  imply  a fixed  height  for  each  layer,  it 
may  be  helpful  to  some  readen  to  note  that  the  altitudes  of  the 
midpoints  of  the  Umkehr  layen  are  23.9.  30.3,  33.3,  40.3,  and 
43.6  km,  going  from  layer  3 to  layer  9 in  terms  of  the  U.S. 
Standard  Atmosphere  Suppiemtnts  [1962].  The  amount  of 
ozone  above  the  top  of  the  ninth  layer  it  a fixed  63%  of  the 
amount  in  the  ninth  layer.  Layer  ozone  content  it  described  in 
terms  of  the  average  ozone  partial  preuure. 

Because  many  ozone  s'ations  take  only  occasional  Umkehr 
obMrvations,  averages  of  several  yean  of  dau  are  nccesury  to 
derive  reasonably  smooth  curves  depicting  the  annual  vana* 
tion.  An  exception  to  this  is  Arota.  which  is  the  only  station 
for  which  sufficient  obtervauoni  were  obtained  m 1970  and 
1971  to  permit  a more  or  leu  ume  coincident  companion. 
.Monthly  mean  valuu  of  ozone  parual  preuuru  m the  nine* 
layer  model  have  been  uken  directly  from  the  WODC  pub* 
lications  for  the  stations  listed  in  Table  I. 

3.  ThiBUV  Method 

The  BUV  method  for  utimating  the  ozone  profile  wu  lint 
sugguted  by  Singer  [1936].  Early  uteilite  experimenu  using 
the  method  have  been  reported  by  Kaweiiffe  and  Elliott  [ 1966], 
Krasnopoi'skiy  [1966],  loztnas  [1968],  lottnas  et  ai.  [19^,  6], 


Table  I.  Percentage  DilTerenea  Between  Annual  Average  (Excluding 
April)  Umkehr  and  BUV  Dau  in  the  Various  Layers 


Suiioa 

Layers 

Layer  'i 

Layers 

Layers 

BeUk(32*N) 

12.7 

11.3 

1.4 

0.3 

Arou(47*N) 

3.2 

4.4 

-3.0 

3.3 

Tateno(J6*N) 

14.8 

18.9 

10.3 

7,7 

Aspendale(33*N) 

10.8 

12.4 

’■..u 

10.3 

Prawria(23*S) 

11.3 

-0.4 

-'0,/ 

-3.1 

DifliHence  is  positive  when  Umkehr  average  is  higher. 


and  Anderson  et  at.  [1969].  In  the  Nimbus  4 uteilite  experi* 
ment  [Htatk  ti  al.,  1973]  the  high*level  ozone  profile  is  inferred 
from  meusuroments  of  the  solar  ultraviolet  radiation  backuat* 
tered  in  the  uteilite's  nadir  direction.  The  physical  buis  of  this 
experiment  and  methods  used  to  infer  the  ozone  profile  have 
been  outlined  by  Krueger  tt  at.  [1973]. 

Meuuremenu  in  up  to  eight  wavelength  channels  between 
233.3  and  303.8  nm  are  used  in  the  inversion.  Only  thou 
wavelengths  which  do  not  significantly  penetrate  through  the 
main  oeonc  concentration  maximum  are  used  and  for  theu 
wavelengths  a single*scattering  model  providu  adequate  accu* 
racy.  This  muns  that  the  lower  limit  of  validity  of  the  derived 
profiln  somewhere  between  the  level  of  the  main  maximum 
and  about  30  km  (10  mbar).  Comparison  of  invenion  ruu,.s 
with  concurrent  rocket  ozone  soundings  [see  Krueger  et  al.. 
1973]  indicatn  that  the  BUV  mulu  are  too  low  at  high  levels 
(about  I mbar)  and  also  toe  low  near  10  mbar.  At  high  levels 
the  ruulu  are  (barely)  within  the  probable  error  bars  of  the 
rocket  ruulu.  (The  rocket  dau  have  not  been  used  to  'call* 
brate'  the  BUV  u London  et  al.  [1977]  did  in  the  cau  of  Og' 
data.)  Scattering  by  aerosols  is  not  accounted  for  in  the  ir 
version  model,  and  this  means  that  the  BUV  results  will  be  too 
low  whenever  significant  amounts  of  aerosols  are  present  be* 
tween  I and  10  mbar. 

The  BUV  data  used  in  this  paper  are  uken  from  ur.pub* 
lished  monthly  summaries  of  ozone  concentrations  at  fixed 
preuure  levels  ( 1, 2, 4, 10, 13,  and  30  mbar)  and  at  every  10*  of 
latitude  from  80*N  to  S0*S,  with  the  exception,  of  coune,  of 
thou  months  and  latitudes  when  and  where  polar  night  condi- 
tions prevail.  For  companion  with  the  Umkehr  data  the  BUV 
dau  were  linearly  inurpolated  to  the  midpoint  (re  log  pra* 
sure)  of  the  Umkehr  layers.  It  hu  to  be  emphasized  that  the 
BUV  ozone  profile  dau  compriu  averagu  around  latitude 
circlu. 

4.  Comparison  op  Umkehr  and  BUV  Observations 

Figure  I displays  curvn  of  monthly  averagu  of  BUV  (solid 
linu)  and  Umkehr  (dashed  linu)  data  for  Belsk,  Poland 
(32*N),  Arosa.  Swiaerland  (47*N),  and  Taieno.  Japan 
(36*N),  for  tha  various  Umkehr  layers.  In  layers  8 and  9 there 
IS  a marked  annual  cycle  with  a winter  maximum  and  summer 
minimum,  and  the  amplitude  of  the  cycle  increasu  with  lati- 
tude. There  i:  a distinct  secondary  min.nnum  imposed  on  the 
broad  winter  maximum.  Indeed,  in  layer  8 this  socondary 
minimum  is  sufficiently  pronounced  that  one  is  inclined  to 
identify  a double  annual  cycle  with  maxima  in  February  and 
September-betober  and  minima  in  .May-July  and  Decemoer- 
January.  On  the  average,  the  amplitude  is  greater  for  the  BUV 
rnulu  than  for  the  Umkehr  ruulu.  Considering  that  the 
Umkehr  dau  are  long-term  averagu  for  a tingle  station, 
wherus  the  BUV  data  are  around-the-world  averagu  at  the 
tution  latitude  for  a tingle  year,  the  agreement  it  remarkably 
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Fi|.  I Plou  of  monchly  ivtrx|t  oionc  ptrtitl  pmturo  over  Bdik.  Arou.  and  Tateno  Standard  t'mkehr  layer 
numben  are  (iv«n  on  the  right-hand  .idc.  Oaahcd  line  la  the  Umkehr.  wild  line  is  the  BU  v.  and  lightly  dasned  line  labelled 
u(70-?i)  II  Umkehr  data  for  the  same  year  as  the  BUV  data.  Other  Umkehr  data  are  climatological  averages  I'or  several 
years  or  more. 

good.  The  basic  •inter  makimum  a.~.d  summer  minimum  at  the  BL'V  data  os  do  the  longer-term  Umkehr  values.  It  appears 
these  levels  are  predicted  by  photochemical  theory  and  anse  tha‘  the  longer-term  time  averaging  at  the  single  station  's 
because  of  the  increased  efficiency  with  temperature  of  the  nearly  equivalent  to  space  averaging  around  the  latitude  circlr 
ozone  destruction  reaction  O - 0|  — 20|  ICun/tMt/a/..  1973.  at  these  levels  in  the  atmosphere. 

Bameii  ti  at . 1975;  London  ti  at . 1977],  The  secondary  mini-  It  is  worth  noting  that  the  BUV  wavelengths  that  ‘sense’  the 

mum  near  40  km  in  winter  is  not  eaplh.ned  by  pure  photoche-  ozone  in  these  layers  have  a smaller  temperature  elTeci  on  their 

mical  theory  and  it  follows  that  atmospheric  transport  is  prob-  absorption  coefficients  than  do  the  Umkehr  wavelengths  and 
ably  involved  [see  \filltr.  1975).  This  phenomenon  is  at  east  that  they  are  essenvially  unaffected  by  multiple  scattering  or  by 
weakly  produced  in  two-dimensional  time-dependent  model  haze  m the  t'oposphere  and  lower  stratosphere.  Eve.t  seasonal 
calculations,  which  mclude  slantwise  eddy  transport  m the  venations  m the  stratospheric  Junge  aerosol  layer  should  have 
meridional  plane.  These  calculations  also  produce  the  transi-  little  impact  on  the  BUV  results  for  layers  8 and  9. 
tion  from  the  basic  winter  maximum-summer  minimum  in -he  In  Umkehr  layer:  6 and  ' the  agreement  is  not  as  good. 
43-  to  50-km  region  (layer  9)  to  the  summer  maximum-winter  .Although  both  methods  sugges.  roughly  an  annual  cycle  wuh 
minimum  at  lower  levels  (layen  6-7.  see  below)  as  well  as  the  a summer  maximum  and  a winter  mmimum.  there  is  an  obvi- 

negligibie  seasonal  variation  in  layer  3.  The  model  has  been  ous  bias,  w<th  the  BUV  giving  consistcr''y  lower  values  than 

described  by  i’uppuiun  [1979],  the  results  referenced  here  a^e  the  Umkehr  In  layer  5 the  annual  cycts  are  not  m agreement, 

as  yet  unpublished  intermediate  results  of  his  model  calcu-  In  general,  this  layer  is  below,  at  least  .n  part,  the  lower 

lations.  validity  limit  for  BUV  protiles,  and  the  BU’V  result:  tend  to 

The  lines  of  shorter  dashes  on  the  Arosa  diagrams  are  follow  the  hrst-guess  inversion  profile,  which  m this  layer  is 
Umkehr  results  for  the  penod  April  1970  to  March  1971;  i.e.,  strongly  correlated  wuh  total  ^zene.  In  both  Umkehr  and 

they  are  coincide  t in  time  ibut  not  m space)  with  the  BUV  balloon  soundings,  layer  5 ozone  content  displays  no  signifi- 

data.  The  shorter-term  Umkehr  datt.  do  not  agree  as  well  wun  cant  annual  variation  [Duisc-..  1966.  Duuch  and  Lin*,  If  73] 

248 


gr 


Fi|.  2.  SaiiM  IS  Fifure  I exccpi  To  ouchcrn  hemisphere  sutiom 
Aspendele  end  Frccont. 

In  Figure  2 we  present  similircomperison  curves  for  Aspen* 
daJc,  Austrtlit  (3S*S),  and  Pretoria,  South  Africa  (25*S^  In 
layen  8 and  9.  Aspendaie  follows  the  broad  pattern  of  Figure 
I,  with  a winter  maximum  and  a summer  minimum,  but  there 
i;.  only  a suggestion  of  the  secondary  winter  minimum  in  layer 
8 (compare  with  Tateno  at  very  nearly  the  same  latitude  in  the 
northera  hemisphere).  Ai  Pretoria,  closer  to  the  equator,  the 
amplitude  of  the  annual  cycle  is  substantially  reduced,  and 
there  is  only  a very  weak  indication  that  the  secondary  winter 
minimum  may  be  present  in  layer  8.  The  much-reduced  ampli- 
tude of  the  secondary  winter  mimmum  in  the  southern  hemi- 
sphere means  that  the  transport  processes  producing  the  mini- 
mum are  probably  much  weaker  in  the  southern  hemisphere 
than  in  the  northern  hemisphere  winter  season. 

There  is  a relatively  large  biu  benveen  Umkehr  and  BUV 
results  in  layer  8 st  Pretoria  and.  indeed,  this  is  the  only  casr 
where  BUV  resulu  are  significantly  higher  than  the  Umkehr 
results  (some  low-latitude  northern  hemisphere  sutions  s'st 
exhibit  this  bias,  but  to  a lesser  extent).  The  bias  disappear  i.- 
layer  and  in  layer  6,  Pretoria  exhibits  the  'normal'  layer  6 
bias  with  Umke.hr  results  higher.  It  is  possible  that  the  23*S 
BUV  results  are  in  error  because  of  the  south  Atlantic  anom- 
aly in  the  trapped  particle  radiation  belt.  The  Nimbus  4 satel- 
lite pastes  through  this  anomaly,  where  the  energetic  particles 
cause  the  sapphire  window  of  the  BUV  photomultiplier  to 
fluoresce,  and  a spurious  component  is  add^  to  the  measure- 


mentt.  The  evaluation  program  discards  instrument  data  when 
the  cfTect  is  obvious,  but  there  may  be  some  instrument  scans 
on  the  fringe  of  the  belt  where  the  effect  is  large  enough  to 
impact  on  the  latitudinal  average  yet  not  sufficiently  large  to 
cause  the  evaluating  program  to  di^rd  them.  The  effect  of  the 
error  is  to  produce  resulu  that  are  too  high  in  layer  8. 

At  both  Aspendaie  and  Pretoria  the  layer  6 and  7 resulu 
follow  roughly  the  same  annual  pattern  as  observed  at  the 
northern  hemisphere  sutions,  although  there  is  a tendency  for 
the  highest  values  to  appear  in  the  spring.  Our  main  concern 
here  is,  however,  with  the  similarity  between  the  annual  cycles 
displayed  by  th^  two  types  of  data,  and  these  are  roughly 
similar.  In  layer  S the  similarities  in  the  annual  cycles  are  no 
longer  apparent,  for  the  reasons  given  in  the  discussion  of 
Figure  I. 

In  Table  1 we  compare  annual  average  (excluding  April) 
percentage  difference  (Umkehr-BUV)  for  each  station  for 
which  resuiu  are  given  in  Figures  I and  2.  In  ai:  layers  the 
Umkehr  result  is  almost  invariably  higher,  the  exceptions 
being  layer  8 at  Arosa  and  layers  7. 8.  and  9 at  Pretoria,  where 
the  BUV  errors  mentioned  earlier  may  be  responsible.  It  may 
be  significant  that  Arose,  where  the  overall  differences  are 
least,  is  the  only  sution  at  which  haze/cloud  corrections  are 
applied  to  the  Umkehr  observations  before  the  ozone  profile  is 
estimated.  In  view  of  the  possible  bias  erron  inherent  in  the 
Umkehr  resulu  discussed  earlier  in  Section  2 and  the  fact  that 
all  known  erron  in  the  BUV  observations  have  not  been 
corrected  for,  the  existence  of  the  bias  is  not  surprising. 

S.  Concluding  Re.marks 

Upper  strat  )spheric  ozone  profiles  derived  from  both  BUV 
and  Umkehr  dau  display  similar  marked  seasonal  variations 
of  about  the  same  phase  and  magnitude  in  the  38-  to  50-km 
region.  Between  28  and  38  km  the  seasonal  variations  are  less 
marked,  but  the  same  rough  picture  emerges  for  both  data 
seu. 

On  the  basis  of  this  evidence,  if  both  data  types  indicate  a 
decreasing  (or  increasing)  trend  over  a penod  of  years,  may  v.  t 
conclude  that  such  a trend  indeed  exists?  We  are  tempted  to 
argue  in  tise  affirmative.  However,  unless  there  is  a separate 
means  for  monitoring  dust,  especially  stratospheric  dust,  one 
cannot  be  ceruin  that  an  apparent  change  in  ozone  is  not 
really  just  a liiange  in  the  dust  content,  with  ozone  remaining 
constanu  Certainly,  one  need  only  examine  the  Umkehr  re- 
sulu for  Aspendaie  for  layer  9 for  1962-1963  [Ozone  Data  for 
the  World.  I960]  to  convince  hiriiself  that  Umkehr  data  alone 
cannot  be  depended  upon  for  such  inferences. 

On  the  other  hand,  since  the  stratosphere  well  above  the 
Junge  layer  seems  less  likely  to  be  affected  by  volcanic  debris. 
BUV  data  snould  be  superior  to  Umkehr  dau  for  monitoring 
trends  in  the  38-  to  50-km  range,  provided  that  the  calibration 
problems  of  flying  such  a monitoring  instrumeni  in  space  can 
be  overcome.  The  final  proceuing  of  Nimbus  4 BUV  profile 
data,  which  will  shortly  be  get.  t underway,  may  shed  some 

ght  on  these  matters. 

ickno'nirdgmenu.  We  are  indebted  to  J.  .Angeli  for  reviewing  the 
mtmiscnpc  and  oroviding  helpful  commenis.  We  are  grateful  to 
R.  K.  R.  Vuppucun  for  kindly  making  available  intermediate  results 
of  htt  model  csJculauons. 
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Vertical  tempera tuie  and  density  patterns  in  the  Arctic 
mesosphere  analyzed  as  gravity  waves 


By  I.  J.  EBERSTEIN  and  J.  S.  THEON,  Laboratory  for  Atmospheric  Sciences.  SASAIGoddard  Space 
Flight  Center,  Greenbelt.  Maryland 2077 1,  USA. 

(Manuschpi  rmivcd  Scpitmbtr  26. 1975:  in  ftnal  form  January  4. 197S) 


ABSTRACT 

Thrtt  Kh«  of  rocket  soundinfs  were  conducted  from  hi|h  lautude  stes  dunn|  winter.  In  the 
tint  icnes.  four  pitot  presiure  soundin|s  were  launched  dunng  a 13-hour  period  from  Ft. 
Churchill.  Canada  (59*  Nl  on  January  3t.  and  February  1.  1967.  The  second  senca  consisted  of 
one  pitot  sounding  and  two  grenade  soundings  earned  out  dunng  a 3-hour  period  on  January 
13-14.  1970.  Temperature  and  wind  proHles  and  one  density  profile  were  observed 
independently  to  obtain  the  thermodynamic  structure,  the  snnd  structure,  and  thus  thetr  inter- 
dependence in  the  mesosphere.  The  third  senes  of  soundings  wu  conduaed  from  Point  Barrow. 
Aluka  (7t*N)on  December  6.  1971.  This  senes  consisted  of  five  soundings  of  which  the  first 
two  and  the  last  two  were  pitot-grenade  pairs.  Temperature  profiles  from  all  soundinp  in  each 
senes  were  averaged,  and  a smooth  curve  (or  senes  of  smooth  curves!  drawn  through  the  points. 
.A  hydrostabc  atmosphere  based  on  the  average,  measured  temperature  profile  wu  computed, 
and  deviations  from  the  mean  atmosphere  were  anaiyred  in  terms  of  gravity  wave  theory.  The 
vertical  wavelengths  of  the  deviations  were  10-20  km.  and  the  wave  amplitudes  slowly  increased 
with  height.  The  expenmcntal  data  were  matched  by  calculated  gravity  waves  having  a penod 
ranging  between  13  and  80  minutes  and  honxontai  wavelengths  of  60  to  280  km.  Our  interpre- 
tation is  generally  consistent  with  the  results  of  others  who  have  studied  gravity-acoustic  waves 
in  the  atmosphere.  The  wind  measurements  are  consistent  with  the  thermodynamic 
measurements.  The  results  also  suggest  that  gravity  waves  travelled  from  East  to  West  with  a 
homonial  phase  veloaiy  of  approsimatdy  60  m/s. 


I.  Introduction 

The  present  paper  treats  several  series  of  rocket 
soundings  cf  atmosphenc  temperature,  density, 
and  wind  stmaure.  The  soundings  are  of  two 
types,  pitot  and  grenade.  For  the  former,  a pitet 
stagnation  probe  is  mounted  on  a rocket  vehicle, 
whose  position  and  veloaty  are  measured  by  radar 
tracking.  For  an  incompressible  fluid,  we  have  the 
simple  formula 

2{P*-P) 

; (1) 

«* 

Density  is  determined  if  stagnation  pressure,  static 
pressure,  and  velocity  are  measured.  Addition  of 
compressibility  makes  the  analysis  somewhat  more 
involved  without  affecting  the  basic  principle 
presented  above  (Horvath  et  al.,  1962).  For  the 
grenade  experiment,  a senes  of  grenades  are 

Tellui  30  (1978).  4 


exploded  in  the  atmosphere,  and  the  position  and 
time  of  each  explosion  is  determined.  The  ume,  and 
direction  of  amvai  of  the  sphencal  sound  pulse  are 
measured  by  a ground  based  microphone  array. 
This  information  is  used  to  deduce  the  mean 
temperature  and  honzontal  wind  speed  in  at- 
mcsphenc  slabs  whose  thickness  vanes  between  2 
km  and  4 km  depending  on  the  particular  grenade 
payload  used  (Nordberg  and  Smith,  1964). 

Essentially,  the  pitot  technique  provides  a high 
vertical  resolution  (0.5  km)  direct  measurement  of 
atmosphenc  density,  while  the  grenade  technique 
gives  a direct  measure  of  atmosphenc  temperature 
and  honzontal  wind  with  a 2— i-km  vertical 
resolution.  For  both  techniques,  the  time  to  make 
the  atmosphenc  traverse  is  approximately  1 
minute,  resulting  m a virtually  instantaneous 
picture  of  the  vertical  structure. 


251 


L J.  EIEKSTEW  AND  J.  S.  THEON 


2.  Oudiac  of  gravity  wave  theory 


Wav'S  in  a stratilled  fluid  under  the  influence  of 
iravity  appear  to  have  been  initially  discussed  by 
Buniside  (1889)  and  Love  (1891).  Both  authors 
treated  an  incompressible  fluid.  Gdrtler  (1943)  used 
schlieren  photography  to  show  experimentally  that 
disturbances  in  an  incompressible  stratified 
medium  under  the  influence  of  gravity  propagate 
along  characteristic  rays.  Lamb  (1909)  treated  a 
compressibie,  adiabatic,  ideal  gas  whose  density  is 
stratified  by  gravity.  Since  the  early  contributions 
by  Burnside,  Love,  and  Lamb,  there  have  been 
many  theoretical  papers  on  various  types  of  gravity 
waves.  Reasonably  up-to-date  treatments  of  the 
subject  may  be  found  in  Eckart  (I960),  Yih  (1963), 
and  Tolstoy  (1973). 

The  simple  theory  involves  linearizing  the  at- 
mospheric equations  of  motion  and  specifying  a 
sinusoidal  solution,  Le., 

exp  [-!(<« k^)l  (2) 

Perturbations  in  pressure,  density,  temperature, 
and  gravity  wave  generated  wind  are  related  to  • 
by  what  Hines  (1960)  has  called  polarization 
relations,  and  a dispersion  relation  which  has  the 
form: 


where 


k,a 

g - 

OJ 


k,a 

S ■■ 

Qi 


(4) 


(Pineway  and  Hines.  1963). 

Since  atmospheric  gradients  are  usually  weak, 
the  ray  approximation  for  veracal  wave  propaga- 
tion was  used.  Vc  .iand  (1969a)  has  shown  that  the 
ray  treatment  is  a sufficient  approximation  for 
gravity  waves  propagating  obliquely  upwards, 
provided  the  horizontal  wave  number  is  in  the 
order  of.  or  greater  than  co/a,  where  a is  the  sound 
speed,  and  cu  is  the  circular  frequency  of  the  wave. 
This  statement  is  equivalent  to  the  requirement  that 
the  horizontal  phase  velocity  must  be  less  than  the 
sound  speed.  For  vertical  wavelengths  up  to  20  km, 
the  ratio  of  phase  velocity  to  sound  speed  tends  to 
be  less  than  0.23. 


The  next  problem  which  comes  to  mind  is  how 
to  take  account  of  background  wind.  The  fre- 
quency of  a moving  fluid  particle,  or  the  “intrinsic 
frequency’*  may  be  defined  u 

Omtu-k-V  (3) 

where  U is  wind  vdodty. 

The  conditions  under  which  the  above  procedure 
is  valid  have  been  discussed  by  Jones  (1969),  and 
are  essentially  satisfied.  Experimentally,  it  turns  out 
to  be  very  difficult  to  obtain  a good  value  of  the 
background  wind  U.  On  one  hand,  a large  number 
of  wind  soundinp  is  needed  to  average  out  the 
gravity  wave  contribution.  (}n  the  other  hand,  the 
velocity  U is  rdative  to  the  layer  in  which  the 
gravity  waves  are  generated,  a fact  which  adds 
fiirther  complication  (o  Equation  (3).  Finally,  the 
vector  nature  of  the  equation  requires  some  prior 
knowledge  of  the  direction  in  which  the  gravity 
wave  is  propagating.  However,  a phenomenon 
which  was  originally  viewed  as  an  imperfection  in 
the  measurement  technique,  hu  turned  out  to  be 
useful  in  this  respect  The  rocket  trajectory  is  at  an 
angle  to  the  verticaL  resulting  in  a horizontal 
vehicle  velocity  of  some  230  m/s,  and  a horizontal 
travel  distance  of  12  km  du.ring  the  measurement. 
Examination  of  the  experimental  curves  shows  that 
the  wavelength  decreases  with  altitude.  Thus  the 
rocket  is  going  into  the  wave  train.  Since  the  launch 
direction  from  Ft.  Barrow  is  due  east,  we  may 
conclude  that  the  wave  tram  is  coming  from  an 
easterly  direction.  The  same  situation  prevails  at 
Ft.  Churchill.  Our  results  suggest  ' ' 'he  waves  in 
these  instances  travelled  from  East  * u.  Thus  it 
becomes  possible  to  use  an  est,  . wind  U, 
relative  to  the  layer  at  which  the  roci,^:  measure- 
ment begins,  i.e~,  approximately  33  km. 


3.  Experimental  procedure 

The  experimental  data  consist  of  three  winter 
series  of  rocket  soundings  from  high  latitude  sites. 
In  Che  first  series,  four  pitot  soundings  were 
conducted  during  a 13-hour  period  from  Ft. 
Churchill.  Canada  (39*  N)  spanning  January  31 
and  February  1.  1967  (see  Table  0 (Smith  et  al., 
1969).  The  second  series  consisted  of  three  sound- 
ings earned  out  dunng  a 3-hour  penod  on  January 
13-14,  1970  from  Churchi-'l  (Smith  et  il..  1972). 
The  first  sounding  was  made  with  the  acousuc 
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T«bte  1.  UuuKh  stqutnet  of  fiat  stritt.  Fort 
ChurekM  (S9‘ If);  1967 


GMT 

Date 

Tum  after 
first  shot 

Type 

2317 

3w31 

OMOm 

Pitot 

0338 

Febl 

6h2Im 

Pitot 

0826 

Febl 

9b09m 

Pitot 

1158 

Febl 

I2h41m 

Pitot 

Table  2.  Launch  sequence  second  serfu.  Fort 
Churchitt  iS9<‘ ff);  1970 

GMT  Date 

Time  after 
first  shot 

Type 

2223  Jen  13 

OhOOm 

Grenade 

2351  3an  13 

lh28m 

Pitot 

0133  Sen  14 

3hl2m 

Grenade 

Table  3.  Launch  stqutnct  (f  third  jtrits.  Point 
Barrow  1971 


GMT 

Date 

Time  after 
first  shot 

Type 

0300 

Deed 

OhOOm 

Pitot 

0302 

Oec6 

0h02m 

Grenade 

0442 

Deed 

lh42m 

Pitot 

0752 

Deed 

4h32m 

Pitot 

0802 

Deed 

3h02m 

Grenade 

grenade  technique  to  measure  the  temperature  and 
wind  profiles  in  the  33-90  km  region;  the  second 
sounding  wu  a pitot  probe  launched  88  minutes 
later  to  meuure  the  density  profile;  and  the  last 
sounding  employed  the  acoustic  grenade  technique 
104  minutes  after  the  pitot  sounding  (see  Table  2). 
The  third  series  of  soundings  was  conducted  from 
Point  Barrow,  Alaska  (71*  N)  on  December  6, 1971 
(Smith  et  aL,  1974).  This  series  consisted  of  five 
soundings,  of  which  the  first  two  and  last  two  were 
pitot-grenade  pairs.  The  remaining  sounding  was 
performed  with  a pitot  probe.  The  objective  of 
launching  such  pairs  wu  to  obtain  high  vertical 
resolution  thermodynamic  structure  (pitot)  and 
wind  ''‘ormation  (grenade)  simultaneously.  The 


seriu  commenced  at  0300  GMT  with  a pitot 
probe,  which  wu  followed  by  a grenade  at  0302 
GMT.  Theu  profllu  were  flown  over  essentially 
the  same  trajectory  only  2 minutu  apart  The 
remaining  soundings,  a pitot  at  0442  GMT,  a pitot 
at  0732  Gmt  and  a grenade  at  0802  GMT 
completed  the  series  (see  Table  3).  In  the  second 
and  third  seriu  of  soundings,  the  temperature  and 
wind  pr(/flln  from  the  grenade  technique  and  the 
density  profllu  from  the  pitot  technique  provided 
independent  examination  of  the  thermodynamic 
structure,  the  wind  structure  and  the  relatioaship  of 
Mch  in  the  mesosphere. 


4.  Analysis  of  data 

Temperature  profllu  from  all  soundings  in  each 
series  were  averaged  and  a smooth  curve  drawn 
through  the  points.  A hydrostatically  determined 
atmosphere  based  on  the  average  meuured 
temperature  profile  wu  computed.  Deviations  from 
this  mean  hydrostatic  atmosphere  were  then 
considered. 

The  hydrostatic  equation  and  the  equation  of 
state  are  used  to  obtain  the  remaining  two  thermo- 
dynamic parameters  in  both  the  grenade  and  pitot 
techniquu.  Such  an  approach  auumu  that  vertical 
accelerations  in  the  atmospheric  motions  am  neg- 
ligible relative  to  the  acceleration  due  to  gravity, 
and  is  valid  for  mean  atmosphere  calculations. 
Smith  et  al.  (1968)  compared  the  ruults  of  grenade 
soundings  and  pitot  probe  soundings  at  Wallops 
Island,  Va.  They  found  temperature  agreement  to 
be  better  than  3 K below  60  km  and  bener  than  3 
K between  60  and  90  km  altitude,  confirming  the 
validity  of  the  hydrostatic  approximation  for  back- 
ground atmosphere  calculations. 

For  the  first  test  series,  the  ratio  of  the  density 
meuured  by  the  pitot  probe  to  the  hydrostatically 
computed  density  (based  on  the  average  tem- 
perature profile)  wu  plotted  u a function  of 
altitude  for  each  probe.  The  density  variations  are 
shown  in  Fig.  I.  Fig.  2 shows  the  corruponding 
power  spectral  density  versus  wavelength  for 
atmospheric  density  variations  between  28  km  and 
80  km.  Analysis  techniquu  employed  are  dis- 
cussed in  Bendat  and  Piersol  (1966)  and  Blackman 
and  Tukey  (1938).  (In  this  cau  “powu”  it  defined 
in  terms  of  wavelength  and  amplitude.)  Wave- 
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Ftg.  1.  MMiwtd  dmsity  dtviuions  for  1967  Ft  OiurchQI  senes. 


OINSITV  BATAi  rCU>  SUNS.  IMOM 


WAVtUNOTH.  Nm 

Flf.  7.  Fewer  ipeetnl  density  venut  wevtienfth  for 
eeperfmentti  devietiont,  1967  series. 


lenfths  between  2 km  end  17  km  ere  represented, 
with  the  primary  peak  occurring  around  U km. 
and  the  secondary  peak  around  9 km. 

For  the  second  test  series,  which  was  launched 
from  Churchill  (S9*hn.  the  observed  density 
perturbation  is  shown  u a solid  curve  in  Fig.  3. 
The  broken  curve  represents  a gravity  wave 
having  honzontal  wavelength  of  60  km  and  a 
period  of  20  minutes.  Fig.  4 compares  the  wind 
pattern  generated  by  the  above  gravity  wave  with 
the  meuurement  of  the  first  grenade  sounding. 
Note  that  the  vertical  winds  include  values  of  some 
10  m/s  in  the  80  km  region.  Justus  and  Edwards 
(1970  have  reported  meuured  vertical  velocitie* 
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Fig.  S.  The  observed  density  perturbations  (solid  curves) 
over  Churchill  on  January  13-14.  1970  compared  with 
the  perturbations  calculated  from  theory  (broken  curves) 
as  a (Unction  of  altitude. 

on  the  order  of  20  m/s  at  aititudes  between  88- 1 1 8 
km.  Although  these  measurements  were  made  at  a 
different  latitude  and  time  of  jrear.  they  are  at  least 
comparable  in  magnitude.  The  Justus  and  Edwards 
data  do  confirm  the  existence  of  relatively  large 
vertical  velocities  at  high  altitudes. 

The  third  set  of  measurements  which  consisted 
of  pitot  and  grenade  soundings  from  Point  Barrow 
(71  * N)  began  with  a pitot  and  a grenade  launched 
2. minutes  apart.  The  temperature  perturbations 
oteained  from  the  pitot  profiles  are  shown  in  Fig.  3 
together  with  a theoretical  gravity  wave  which  was 
matched  to  the  first  perturbation  for  a best  fit  (by 
eye).  The  gravity  wave  strucrjre  is  based  upon  the 
original  match  of  the  first  pitot  and  allowed  to 
propagate  with  time  to  correspond  to  the  times  of 
the  observational  data.  The  best  match  wu  found 
to  have  i horizontal  wavelength  of  70  km  and  a 
period  of  about  1 8 minutes,  or  280  km  and  a period 
of  72  minutes.  It  is  significant  that  only  the  first 
theoretical  curve  was  fitted  to  the  observed  data. 
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Fig.  4.  The  observed  zonal  wind  component  compared 
with  the  gravity  wave  wind. 

and  that  the  remaining  matches  followed  from 
calculation.  Thus  our  data  indicate  that  not  only 
are  the  spatial  density  and  wind  structure  meuure- 
ments  compatible  with  gravity  wave  theory,  but 
also  the  expected  behavior  with  time. 

Fig.  6 shows  a comparison  between  the  observed 
wind  pattern  and  the  calculated  wind  pattern 
associated  with  the  gravity  wave  matched  to  the 
first  ttmperaturt  penurbatior..  A mean  drift  wind 
of  40  m/s  has  been  included.  The  measured  wi;-,d  is 
obtained  from  the  grenade  sounding,  so  it  repre- 
sents a series  of  values  in  which  the  winds  were 
averaged  over  layers  (2-3  km  thick)  between 
grenade  explosions. 

5.  DiKOSsion 

Three  scries  of  soundings  were  carried  out  at 
high  latitude  sites  during  winter.  The  first  senes 
gave  four  essentially  instantaneous  vertical  density 
traverses  during  a 13-hour  period  at  Ft.  Churchill. 
The  density  variations  ftom  the  mean  strato- 
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rit.s.  1971  s«ri*i  gravity  wavca  matched  to  pitot  ttmpcraturt  daviatton. 


fig.  6.  Compariaon  batwaan  thaoratieal  and  obaarvad 
wind  paitaniafbr  1971  tariaa. 

ipharic  ctmditiona  were  matched  by  gravity  waves 
having  vertical  wavdengtht  of  14-17  km.  A 
reaaonabie  At  to  the  dau  wu  obtained  with  a plane 
gravity  wave  characterized  by  a horizontal  wave- 
length of  70  km  and  a period  of  18  minutes  or  280 
km  and  70  minutes.  The  wave  amplitude  increased 


with  altitude,  but  at  a rate  much  slower  than  the 
exponential  growth  predicted  for  undamped  waves. 
Thus  one  must  conclude  that  the  waves  were 
heavily  damped  as  they  propagated  upward 
through  the  atmosphere.  The  term  ''damped”  in 
this  case  is  taken  to  include  general  wave  dis- 
sipation by  various  possible  mechanisms,  including 
non-linear  effects  of  the  gravity  waves  themselves. 
Following  Lindzen  (1968)  we  have  looked  at  the 
Richardson  number,  and  found  it  to  be  small  or 
negative  between  approximately  S3  km  and  83  km. 
Thus,  it  is  quite  pouible  that  dissipation  in  this 
height  range  is  largely  the  result  of  non-linear 
effects  in  the  gravity  waves.  Such  an  interpretation 
is  cenainly  consistent  with  the  observed  slow 
vertical  growth  rate  below  83  km. 

Gossard  (1962)  observed  gravity  waves  in  the 
troposphere,  and  found  the  period  to  vary  between 
13  minutes  and  120  minutes.  The  horizontal  wave- 
length for  waves  of  IS-minute  priod  was  19  km. 
and  for  2-hour  period,  it  wu  130  km.  The 
dUference  between  O'er  observations  and  those  of 
Gossard  may  be  explained  by  usuming  that  tropo- 
spheric waves  with  short  vertical  wavelengths  are 
damped  out.  In  fact  Gossard  (1962)  found  that  the 
maximum  leakage  into  the  upper  atmosphere 
occurs  at  periods  of  10  to  20  minutn.  starting  wuh 
a white  energy  spectrum  in  the  troposphere.  Our 
value  of  18  minutn  is  thus  consistent  with 
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Tible  4.  Horizontal pkast  velocity  200*  K; 
It-minute  period 


<1,  (km) 

i,  (km) 

(m/s) 

y„  (m/s) 

S 

18.2 

16.9 

4.6 

10 

36.4 

33.7 

9.3 

15 

54.4 

50.4 

13.9 

20 

72.3 

67.0 

18.5 

25 

90.0 

83.3 

23.1 

Gossard’s  prtdiciion.  Cossard  found  a honzomal 
phase  speed  of  approximaiely  21  m/s.  For  an  18- 
minute  period  and  200*K.  the  Table  4 relates  our 
estimated  horizontal  phase  velocity.  to  vertical 
wavelength,  200  degrees  K was  chosen  because 
it  is  approximately  the  temperature  at  the  bottom 
of  our  test  region.  Since  is  essentially  ijr.  it 
remains  constant  as  long  as  the  above  ratio 
remains  constant,  and  is  thus  equally  valid  for  the 
280  km  waves. 

From  noctilucent  cloud  stuoies.  Win  (1962) 
observed  characteristic  wavelengths  of  30-40  km. 
and  of  75  km.  the  laner  being  very  nearly  the  70 
km  deduced  in  the  present  study.  Witt  (1962)  also 
estimated  the  wave  velocity  with  respect  to  a frame 
of  reference  moving  with  the  cloud  system,  obtain- 
ing a range  of  70  to  135  m/s.  The  agreement  with 
the  values  given  in  our  table  is  reasonable.  Noctilu- 
cent clouds  are  formed  in  the  75  to  85  km  region  of 
the  atmosphere. 

Our  results  are  also  generally  consistent  with  the 
discussion  of  internal  atmospheric  gravity  waves  at 
ionospheric  heights  presented  by  Hines  (1960). 
Thus  the  i2-km  venical  wavelength  which  Hines 
deduced  from  the  meteor  wind  data  of  Greenhow 
and  Neufeld  (1955.  1959)  is  m reasonable  agree- 
ment with  our  observations  Hines  considered  125 
m/s  .0  oe  a 'typical  horizontal  phase  speed  and 
quoted  the  following  experimental  results.  Munro 
(1958)  found  phase  speeds  to  generally  be  in  the 
range  of  51-175  m/s.  in  agreement  with  both  our 
deductions  and  Witt's  (1962)  noctilucent  cloud 
observations.  Heisler  (1958)  found  phase  speeds  to 
range  between  97-207  m/s.  The  phase  speed 
agreement  is  remarkable  considenng  that  lono- 
sphenc  haghts  range  up  to  more  than  100  km 
above  the  top  of  our  observsuon  regime.  Even  our 
longer  period  of  70  minutes  is  significantly  shorter 
than  the  200  minutes  deduced  by  Hines  (1960) 
from  correlation  studies  of  meteor  wind  trails. 
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However,  a careful  reading  of  Hines*  paper 
suggests  that  the  200  minutes  is  an  upper  limit 
to  the  penod.  rather  than  a most  characteristic 
value. 

The  results  of  the  third  series  confirmed  the  con- 
clusions about  vertical  wavelength  and  amplitude 
of  the  first  two  scries  and  the  agreement  of 
measured  wind  with  gravity  wave  predictions.  It 
was  also  possible  to  trace  one  gravity  wave  pattern 
through  three  consecutive  samples,  indicating  that 
our  period  is  reasonable.  However,  the  fact  that  the 
data  can  be  matched  by  both  70-km  and  280-km 
horizonui  wavelengths  (corresponding  to  18- 
minute  and  70-minute  periods,  respectively)  sug- 
gests one  of  three  possibilities,  namely  (1)  the  70- 
km  value  represents  an  aliasing  error,  which  seems 
unlikely  in  view  of  Witt’s  noctilucent  cloud  obser- 
vations. (2)  the  70-km  horizontal  waves  represent 
an  interference  pattern  between  waves  of  280  km 
or  longer  wavelengths,  an  interpretation  consistent 
with  Witt’s  noctilucent  cloud  measurements,  or  (3) 
the  horizontal  wave  packet  contains  both  70-km. 
18-minute  and  280-km.  70-minute  waves.  The  last 
interpretation  disagrees  with  Hines'  200-minute 
suggested  period  but  agrees  with  Gossard’s  tropo- 
spheric measurements.  Our  data  cannot  distinguish 
between  explanations  “2”  and  "3”.  However. 
Midgiey  and  Liemohn  (1966)  suggest  a wave- 
length of  a few  hundred  kilometers,  essentially  in 
agreement  with  our  280-km  wave.  It  should  be 
mentioned  that  an  exce'Ient  experimental  technique 
exists  for  studying  gravity  waves  at  cloud  level, 
namely  observation  of  sequential  satellite  photo- 
graphs. Such  pictures  should  yield  both  the  hori- 
zontal wavelength  and  the  horizontal  phase 
velocity  relative  to  the  grounc 

It  might  be  noted  that  Lindzen  (1 9''!)  showed 
that  knowledge  of  vertical  waveleng'h  and  period 
can  be  used  to  estimate  vertical  eddy  transport 
coefficients.  Our  estimated  vertical  velocities  in  the 
80-km  region  are  in  the  order  of  2.5  to  10  m/s. 
compared  with  1 m/s  assumed  by  Lindzen  from 
tidal  theory.  However,  he  divides  his  vertical 
velocity  by  a number  V.  characteristic  of  the 
particular  transport  process  considered.  <V  is  the 
lifetime  of  the  oscillation  in  cycles  to  the  nearest 
integer  From  the  vanability  of  tides  revealed  in 
radio  meteor  data.  Lindzen  suggests  a value  of 
10-20  for  V.  For  his  6-hour  gravity  wave.  Lmdzen 
1 1 971)  takes  V to  be  5.  For  a 1-hour  penod.  our 
vemcal  velocity  is  2.5  m/s.  Keeping  V at  5.  and 
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using  Lindzen'i  fortnuli  for  estimBiing  eddy 
difTusivity  one  obtains 

Oa  (2.3  X I00cm/s)(3  x 10’ cm) 

-7.3  X 10*cmVs 


where 

-ri)  - (I) 

For  the  18-minute  waves,  the  value  for  D becomes 
3.0  X 10'  cmVs. 

Hodges  (1969)  has  estimated  the  effective  eddy 
difTusivity  associated  with  gravity  waves  which 
reach  an  amplitude  where  they  generate  breakers 
and  thus  considerable  turbulence.  Considenng  a 
gravity  wave  having  a venical  wavelength  of  16 
km.  the  0^,  value  for  x,  - 70  km  is  7 0 x 10’ 
cmVs.  and  for  x,  - 280  km  it  is  2.0  x 10'  cmVs. 
These  values  are  approximately  2.3  times  as  large 
as  what  one  estimates  us<ng  the  Lmdzen  approxi- 
mation. However,  the  agreement  must  be  con- 
sidered good,  considenng  the  uncertainty  in  the 
quantity  V.  Furthermore,  the  observed  waves  do 
have  some  growth  with  altitude,  while  Hodges' 
value  of  eddy  difTusivity  would  result  m no  growth 
with  altitude. 

The  8nal  mystery  is  why  the  waves  appear  to  be 
coming  out  of  the  east,  when  everybody  knows  that 


the  prevailing  winds  are  westerly.  The  answer  in 
this  case  is  quite  simply  that  the  prevailing  winds 
above  43  km.  i.e..  in  most  of  the  region  considered, 
are  in  fact  easterly,  even  though  the  tropospheric 
and  lower  stratospheric  winds  are  westerly.  In  fact 
it  is  quite  probable  that  the  gravity  waves  are 
generated  in  a stratospheric  shear  zone  where  the 
winds  change  from  westerly  to  easterly. 


6.  Appendix 

Symbols 

m » circular  frequency  of  the  wave 
j - local  sound  speed 
(f,  - tu/a 

;■  = ratio  of  specific  heats 
to,  - g'aV/  “ ' ” Brunt-Vaisala  frequency 
to,  - ;y/2o  - aIZH 
f « acceleration  due  to  gravity 
H - pressure  scale  height 
tl  - wind  velocity  of  background  held 
k - propagation  vector 
miel*  k- 

P - static  pressure 
F"  - stagnation  pressure 
p « density 
u - velocity 
i.  » venical  wavelength 
X,  - horizontal  wavelength 
r - wave  period 
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BEPTMKAJlbHWE  GPOfULTH  TEMnEPATVPbl  H nJlOTHOCTM  B APKTMMECKOH 
ME30C®EPE.  AHAjIHSHPVEMWE  KAK  fPABHTAUMOHHblE  BOjTHbl 


C Tpex  aWCOKOUSHpOTIIMX  MOCT  )rmoR  npoM- 

iieiihi  TpM  cepRX  paaeTHhix  sohampomhmR.  B nepioR 
oepwR  a Te<wtiiic  nepwoaa  13  eacoa  m ^pra 
Mepwinh  (Kaiiaaa  39*  c.m.)  31  XHaapa  k 1 ipeapana 
1967  r.  SunR  lanyuiem  eerupc  rpyOKK  FImto  one 
tOMcpetau  aaanemu.  Bropaii  cepHa,  cocroaauiaa  k3 
ooHoro  nMcpemu  rpyOaoR  riirro  r payx  rpaHaTimx 
axycnnecxRX  lotUMpoaaiiicfl,  6una  npoaeiieHa  a 
Tenemie  rpexeacoaoro  tiepaoaa  13-14  aHaapa  1970 
r.  HasaaiicRMO  Ssimi  nMepew  npodtimR  aerpa  a 
TCMtiepaTypM  ■ oaRH  np^nm  nnoTHucni  xm 
nonyeemix  TepMoaimaMRaecxoa  crpyxrypu.  erp- 
yrrypw  aerpa  a.  raxaM  oOpaiOM.  ax  asaRMOMaHCM- 
HOCTh  a Mrsoc0epe.  Tp^Tva  cepita  HSMcpeHRA  6w.ta 
npoaeaewa  as  (loavr  Esppoy.  Anaexa  (71*  c.oi.) 
6 nenOpa  1971  r.  3ra  cepaa  cocroana  m nara 
soKoapoaaKidl.  as  xotophx  naa  nepawx  a aaa 
nocneaaxx  lOHaapoaaRsca  cocroana  ai  aiMepcKaR 
naaneaaa  rpyOaoA  Haro  a rptaaraaix  aaycTH<iecicNx 
lOKaapoaaaaR.  ripo^ana  Te.vrtcparypM  ad  acex 
MRaapoaoKaa  a xaautoR  cepaa  6una  oepenaeaM. 


a r.Ta.ixaa  xpaaaa  (ana  cepaa  rnanxax  xpaawx) 
Buna  npoaeneau  <iepei  Toaxa.  Eu.ra  paccaaraaa 
raapocTaTaaecKaa  aTMOcgiepa,  ocaoaaHaaa  aa  oc- 
penaeaHMX  aSMepeaaMx  npot^anax  TeMneparypu, 
a OTxnoaeNaa  or  epenaero  CTpoeaaa  aTMOc^pu 
6wna  npoaaanasapoaaaki  a TepMHaax  reopaa 
rpaaarauaoaaux  aona.  Bepraxanbaae  imtaa  aona 
a OTxnoaeaaax  6wna  10-20  xm.  npateM  a.Mn.iaTyiiM 
aona  Meoneaao  pocta  c aucoToR.  3xcnepaMeHTanb- 
awe  naHHue  6una  cor.iacoaaau  c aunacieaHUMa 
rpaaaTatzaoaascMa  aonaaMa  c nepaonoM  or  13  no 
80  Mkayr  a ropanoaTankabiMM  anHaa.Ma  ao.na  or 
60  no  280  XM.  Hama  aaTepnpeTauax  a o6uicm 
cornacyerex  c peny.ikTaraMa  npyrax  actienoaa- 
le-ieR.  xoTopue  anyMa-ia  rpaaaTauHOHKO-axycra- 
<tecKae  aonaw  a aTMOc^pe.  HsMepeaax  aerpa 
cor.iacywTca  c TepMoaaaa.MUHecxaMa  asMepeaMaMH. 
Peny.TkTaTM  raxate  yxanwaaioT  aa  to,  mto  rpaaaTa* 
UHOHHhie  aonaw  pacnpocrpaHatorca  c aocroxa  aa 
Milan  c ropanoarankaoR  i^oaoR  exopoerkw. 
panaoR  npHO.ranare.ikHo  60  m.c. 
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NASA  Technical  Memorandum  79630  August  1978 

A VORTEX  MODEL  FOR  TRANSPORT  IN  THE 
POLAR  STRATOSPHERE 

L J.  Eberstein,  F.  Y.  Yap  and  V.  Viers 
ABSTRACT 

A semi-empincal  mode!  based  on  a Gaussian  vorticity  distribution  has  been  developed 
for  determining  eddy  diffusivity  and  wind  transport  distributions  in  the  polar  stratosphere. 
The  model  uses  as  input  data  pressure  surface  heights  measured  at  periods  of  the  year  when 
the  stratospheric  polar  vortex  exhibits  nearly  circular  patterns  around  the  pole.  The  com- 
ponents of  the  polar  wind  velocities  that  result  from  a Prandt]  eddy  viscosity  distribution 
are  found  to  be  in  general  agreement  with  those  obtained  by  other  investigators 
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Reprinted  from  Journal  of  Geophysical  Research,  8?,  pp.  953-988,  1978. 

Ozone  Profiles  and  Chemical  Loss  Rates  in  the  Tropical  Stratosphere 
Deduced  From  Backscatter  Ultraviolet  Measurements 

J.  E.  F».rr>cR!CK.'  B.  V'.  Guenther,*  P.  B.  Hays.’  and  D.  F.  Heath* 

Anilysis  O'  dan  obtained  by  the  backicattcr  ultriviotci  (BUV;  eaperimem  on  the  Almotpbcn 
Eaplorer  E.  latellile  has  prosided  equatorial  oione  miainf  ratio  profliea  for  equinoa  and  aolilice  condi- 
lioni  The  combination  of  these  results  with  a pure  osygen  chemical  model  yields  the  rate  of  odd  oaygen 
lou  due  to  tfe  sum  of  the  odd  hydrogen,  nitrogen,  and  chlorine  cycles.  Uk  of  recent  mid'latitude 
stratospheric  measurements  of  HO,.  NO,,  and  CIO,  taith  the  BLIV  data  provides  an  independent 
calculii’on  of  the  catalytic  loss  Beio»  45  Em  the  agreement  between  the  two  sets  of  lost  rates  it 
satislactory  At  higher  altitudes  the  odd  hydiogen  cycle  provides  far  morcO,  lost  than  can  be  tolerated  by 
the  BUN  measurements  if  the  photodissociation  of  O,  is  the  only  source  and  hat  the  currently  accepted 
magnitude  The  results  suggest  either  a tropical  HO,  concentration  smaller  than  it  now  believed  or  the 
pretence  of  a sery  large  source  of  odd  osygen  in  the  upper  ttraiospherc  and  lower  mesosphere 


iNTaODlCTtON 

Satellite  measurements  of  the  backscattered  solar  radiation 
svhich  emerges  frem  the  earth's  atmosphere  alioss  near-conttn- 
uous  monitoring  of  the  vertical  profile  of  o/ont  betsveen  ap- 
proximately 30  and  55  km  Analysis  of  early  backscatter  ul- 
traviolet (BUV)  data  from  the  Ogo  4 and  Nimbus  4 satellites 
has  provided  a global  mapping  of  the  latitudinal  and  seasonal 
distribution  of  upper  stratospheric  ozone  {London  ri  ai,  1977: 
Arueger  el  al  1973]  on  a spacial  grid  much  finer  than  is 
possible  with  the  ground-b^sed  L'mkehr  method  In  this  paper 
we  present  tropical  ozone  profiles  obtained  by  the  BUV  in- 
strument on  the  Atmosphere  Explorer  E spacecraft  (AE-E) 
and  compare  these  to  earlier  saieiliie  and  rocket  measurements 
at  low  and  middle  latitudes 

The  history  of  stratospheric  photochenistry  shows  the  de- 
velopment of  increasingly  sophisticated  models,  from  the  pure 
oxygen  atmosphere  of  Chapman  |l930j  to  the  inclusion  of 
hydrogen  {Bates  and  Sicolet,  1950,  Hunt.  1966).  nitrogen 
(Crwrzen.  1970.  1971).  and  more  recently,  chlorine  {A/o/maon^ 
Roland,  1974,  Stolarski  and  Cicerone,  1974]  There  is  no  a 
prion  reason  to  believe  that  the  current  theories  are  complete. 
Indeed,  comparison  of  the  predictions  of  photochemical  theo- 
ries with  measurements  in  the  upper  stratosphere  and  mesos- 
phere indicates  that  current  models  underestimate  the  true 
ozone  abundance  (Sre,  1977,  Frederick  et  al , 1977;  Uu  and 
Cicerone.  1977)  In  an  atiempt  to  shed  light  on  this  question, 
we  combine  the  BUV  data  with  recent  measurements  of  upper 
stratospheric  NO,.  CK),  and  HO,  In  naiiicular,  we  wish  to 
determine  if  the  catalytic  loss  of  odd  cxygen  required  by  the 
BUV  data  is  in  reasonable  agreement  « "b  ,tc.i  supplied  by  the 
radical  measurements 

Experiment  Description  and  Data  Availability 

The  BUV  instrument  on  AE-E  is  essentially  the  ume  as 
thoK  instruments  flown  on  the  Nimbu'  s.-ite'lites  and  has  been 
discussed  by  Heath  et  al.  (1973)  Tbe  spectrophotometer  mon- 
itors the  vertically  emergent  intenxiiv  from  the  atmosphere  at 
12  wavelengths  between  2550  A and  N400  A with  a lO-A 
resolution  Only  those  wavelengths  for  which  single  molecular 
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scattering  is  a good  approximation,  X < 3000  A.  enter  into  the 
ozone  profile  determination.  Maieer  (1972)  has  diKussbd  the 
single-rcattering  formulation  of  the  radiative  transfer  equation 
and  the  methods  used  to  infer  the  0|  distribution. 

The  near-equatorial  orbit  of  AE-E  (inclination  « 20*)  is 
well  suited  to  studies  aimed  at  testing  photochemical  theories 
of  the  stratosphere  The  small  average  solar  zenith  angle  al- 
lows maximum  penetration  of  the  solar  ultraviolet  flux,  mak- 
ing photochemical  processes  more  competitive  with  transport 
in  the  middle  stratosphere  than  they  are  at  higher  latiiu'*7s  In 
addition,  seasonal  variations  in  density  end  tcmperaiurt  are 
rather  small  near  the  equator.  These  two  advantages  of  the  low 
inclination  orbit  allow  one  to  isolate  chemical  lou  from  trans- 
pon  and  seasonal  effects  with  reasonable  certainty.  Finally,  an 
orbit  at  near-constant  latitude  provides  for  the  accumulation 
of  a large  data  base  over  1 limited  geographic  region  so  that 
the  true  mean  state  of  the  upper  stratospheric  ozone  profile 
may  be  assessed. 

Data  presented  in  this  report  are  taken  from  two  time  peri- 
ods. near  December  solstice  (1975)  and  March  equinox  (1976) 
The  equinox  data  set  contained  4 orbits  with  a total  of  89 
ozone  profiles,  while  the  solstice  analysis  included  18  orbits 
with  a total  of  1081  profiles.  Additional  data  for  the  time 
periods  of  interest  were  not  avtilable.  Figure  I presents  the 
average  ozone  volume  mixing  ratios  for  solstice  and  equinox. 
All  profiles  measured  in  the  appropriate  time  interval  were 
included  in  the  averages,  and  the  half-width  of  the  error  bars 
on  the  solstice  result  denotes  I standard  deviation  from  the 
mean.  For  easy  reference.  Table  I presents  the  average  volume 
mixing  ratios  and  the  standard  deviations  at  six  preuure  levels. 
Although  some  differences  between  the  solstice  and  equinox 
results  appear,  the  disparity  between  the  sizes  of  the  two  data 
seu  precludes  definite  statements  concerning  variat  ns. 

Comparison  to  Previous  Results 

Few  measurements  of  the  ozone  profile  above  30  km  in  Ihe 
tropics  are  available.  Figure  2 compares  the  AE-E  solstice 
profile  with  (I)  the  equatorial  stellar  occultation  measure- 
ments of  Riegltret  al-  (1977)  from  the  Copernicus  satellite,  (2) 
the  backscatter  ultraviolet  results  of  London  et  a!  (1977)  from 
Ogo  4 averaged  over  the  latitude  band  I S*N- 1 5*S  for  January 
and  February  1968.  (3)  the  Krueger  and  Mimner  (1976)  mid- 
latitude model,  and  (4)  a Irop.cal  model  based  on  the  Krueger- 
Minznt:  composite.  The  final  profile  was  derived  by  estimat- 
ing Ihe  ozone  gradient  between  tropical  and  middle  latitudes 
from  the  results  of  London  et  al  (1977)  and  applying  this 
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Ftf . I Averigc  ozont  volume  mi«in|  ritio  proftkt  for  toUtict  and 
equino>  Error  bart  denote  plus  and  minui  I iiandar  ‘ deviation  of  the 
mean. 

correction  to  the  Krueger-Minzner  model.  The  U S Standard 
Almotphere  Supplements  (1966)  IS*N  annual  nodel  hat  been 
used  to  convert  miaing  ratios  to  number  derttit.es. 

The  AE-E  values  are  larger  than  those  predicts:)  by  Ogo  4 
above  3C  km.  The  ratio  of  the  AE-E  values  to  the  Ogo  4 values 
vane;  from  1. 1 to  1 3 above  35  km.  Above  40  km  the  AE-E 
results  agree  better  with  the  Krueger-Minzner  mid-latitude 
model  than  with  the  derived  tropical  model  We  stress  that  this 
good  agreement  is  probably  fortuitous,  being  'he  result  of 
systematic  calibration  diiTerences.  since  the  results  :•(  .ondon 
et  at.  1 1 977]  shew  significant  latitudinal  gradien  ■ below  3U 
kip.  the  single-scattering  approximation  uKd  in  the  BUV  in- 
version begins  to  break  down,  so  the  crossover  of  the  AE-E 
and  Krueger-Minzner  models  is  not  significant  The  Rieglfrti 
of  1 1977)  >'-|u«  lie  a factor  of  2-3  above  any  of  the  other 
results  The  Copernicus  profile  refers  *o  nighttime  tropical 
conditions,  while  all  others  were  measured  in  daylight  C urrent 
chemical  models  predict  little  or  no  diurnal  variation  in  Oi 
between  50  and  55  km.  If  we  accept  the  differences  shown  in 
Figure  2 as  real.  w«  must  admit  a serious  deficiency  in  our 
present  understanding  of  stratospheric  photochemistry  As 
will  be  shown  later,  there  is  additional  evidence  that  such 
failings  exist.  We  note,  however,  that  satellite-borne  infrared 
measurements  during  both  day  and  night  show  littir  or  no 
diurnal  variation  near  50  km  in  the  ti  jpics  {CUIe  et  al . 1977) 
In  view  of  thif  we  find  it  difficuu  to  accept  the  Copernicus 
results. 

Chemical  Mooel  and  Odd  Oxygen  Loss  Rates 

Table  2 lists  the  reactions  and  their  rate  coefficients  em- 
ployed in  the  following  analysis.  The  total  odd  oxygen  concen- 


tration. (O.)  « |0('0))  + |0(’/’))  -i-  (Oi),  IS  given  by  the 
continuity  equation 

- W.)  - L(0.)  - L(cat)  J) 

where 

/^O.)  odd  oxygen  production  rate,  cm  * > ' (reactions(RI) 
and  (R2)  of  Table  2): 

i(0.)  odd  oxyit.n  loss  rate  involving  reactions  among 
0('D),  0(*F),  and  O,  only  ('■eactioi.v  (R6).  (R7).  and 
(?-*'); 

L(cat)  odd  oxygA.i  lou  rate  due  to  catalytic  cycles  of  NO.. 
CIO,,  and  HO.  (reactions  (R3).  (R4).  (R5).  (RI3), 
(RI4),  (RI6),  (RI7).  (RI8),  (RI9),  and  (R20)); 
*(0.)  vertical  flux  of  odd  oxygen,  cm"*  s"',  parameter- 
ized by  «ii  eddy  diffi'*-  m coefficient,  ^ * -AIM) 
^/ar((0,)/[M)). 

We  denote  the  process  of  averaging  over  a diurnal  cycle  by  a 
bar  placed  over  the  quantity  of  interest  and  assume  that 
ffOTl  '?!  » 0 to  obtain 

tfcai)  - AO.)  - £(0.)  - (2) 

c2 

Use  of  a tropical  model  atmosphere  for  (O,).  |M).  and  temper- 
ature in  conjunction  with  the  BUV  ozi  ne  profiles  and  tiie 
chemistry  of  a pure  oxygen  atmosphere  allows  an  evaluation 
of  the  right-hand  side  of  (2)  To  mimic  vertical  tianspon  in  the 
tropics,  we  use  the  large  eddy  diffusion  coefficient  of  Schmtlie- 
kopf  ei  al  (1977)  at  25  km,  A * 7 5 x 10*  cm’ s which  is 
based  on  N,0  measurements  from  Panama  (5  5'N)  We  then 
extend  the  A profile  linearly  upward  to  a value  of  I x 10*  cm’ 
s ‘ at  40  k m However,  above  35  km  the  transport  term  in  (2i 
is  not  significant  Wc  then  know  the  ca'alyoc  loss  r?i;  required 
to  reproduce  the  BUV  measurements.  Use  of  available  NO,. 
CIO,,  and  HO.  profiles  with  the  BUV  results  and  the  reactions 
of  Table  2 gives  a second  evaluation  of  L'(cat)  which  is  inde- 
pendent of  the  source  of  odd  oxygen  on  which  the  prr  .ious 
result  largely  depends  In  performing  these  calculations  v>e 
assume  '*  at  the  teactions  which  interconvert  odd  constituents 
proceed  much  faster  than  the  sources  and  sinks  Thus  the 
concentrations  of  sll  odd  constituents  in  a given  catalytic  cycle 
can  be  computed  easily  when  a measurement  of  only  one  of 
these  is  available  For  example,  given  the  measured  O,  values. 
((X'/}))  and  (0('P))  are  readily  deduced  from  reactions 
(R9HRI2)  The  process  of  diunal  averaging  is  particul-trly 
simple  in  this  case,  since  the  O,  concentration  is  constant  over 
a 24-hour  period  at  most  of  the  altitudes  considered  here 
Recall,  however,  the  diKussion  c*^the  picvious  section 
Figure  3 compares  the  CH*r*)  concentration  computed  from 
the  BUV  data  at  a solar  zenith  angle  of  50*  with  the  me...utc- 
ment  of  Andtrftm  (1975)  at  32*N  latitude  The  agreement  is 


TABLE  I Average  Ozone  Volume  Mixing  Ratios  and  Standard  Dcviauoni  for  Sotslicc  and  Equinox 


P.  mbar 

Solstice 

Equinox 

Standard  Deviation 

Mixing  Raiio 

SiandarC  Deviation 

04 

1 68  X to  * 

2.Z0  X to  ’ 

1 98  X to  • 

3 22  X 10  ’ 

1 0 

3 32  X 10  • 

3 34X  to  ’ 

3 37  X 10  • 

2 14  X to  ’ 

20 

6.41  X to  • 

6 65  X 10  ’ 

5 96X  10  • 

4 80x  10  ' 

50 

lOOx  10  * 

1 02  X 10  • 

1 08  X 10  • 

1 55  X 10  ’ 

100 

8 78  X 10  • 

6 T6  X 10  ' 

8 38  X 10  • 

1 09x  10  • 

300 

3 45  X 10  • 

2 88  X 10  ’ 

3 I6X  to  • 

5 41  X 10  ’ 
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rig  2 Comparison  of  (he  solsdcc  BL'V  ozone  profile  with  other 
tropical  and  mid-latitude  results 


quite  good  between  35  and  40  km:  however,  at  lower  altitudes 
the  calculation  falls  below  the  measurement.  Multiple  scatter- 
ing effects  and  a surface  albedo  of  0.35  were  inc'uded  in  tne 
calculation  from  Luther  and  UeUnas  (1976).  Below  35  km. 
meteorological  variability  in  ozone  increases  as  the  re' 
time  becomes  long  This  increase,  combined  with  -jnce. 
in  the  albedo  corrections  at  the  lowest  altitudes,  contributes  to 
the  discrepancies  in  Figure  3.  The  favo.'able  comparison  above 
35  km  supports  the  validity  of  the  chemical  reaction  set.  If  we 
use  the  latitudinal  gradients  observed  by  London  et  al  [1977] 
to  refer  the  AE-E  results  to  30*N.  the  computed  Oi’P)  tr.- 
creases  by  a factor  of  1.2- 1.3  belcw  40  km. 

Figure  4 presents  the  diurnally  averaged  profiles  of  ^0>). 
£(Ot>.  and  £(cat)  for  the  solstice  ozone  result  The  need  for  a 
substantial  catalytic  loss  is  obvious.  For  computing  the  indi- 
vidual catalytic  losses  di  * to  the  r'trogen.  chlorine,  and  hydro- 
gen cycles.  f.’(NO,).  £tCIO,).  and  £(HO,).  respectively,  we 


have  adopted  mid-latitude  measurements  in  the  absence  of 
tropical  data.  We  employ  two  models  each  of  odd  nitrogen 
((NO.)  « (NO]  + (NO,])  and  odd  chlorine  ((CK).]  - (Cl)  + 
(CK)])  to  represent  the  likely  range  of  natural  variations.  We 
refer  to  these  as  the  ‘large'  and  ‘smalT  NO.  and  CIO.  profiles. 
No  single  measurement  of  NO.  reported  to  date  has  spanned 
the  entire  altitude  region  of  interest.  25-55  km.  To  obtain  the 
large  NO.  model,  we  combine  the  unpublished  NO  data  of 
J.  J.  Horvath  between  42  and  55  km  with  the  total  NO.  mea- 
surements of  Ackerman  et  al.  (1975]  between  25  and  36  km. 
The  former  data  were  obtained  by  a chemiluminescent  rocket 
probe  in  the  manner  described  by  Mason  and  Horvath  (1976] 
and.  at  the  altitudes  of  the  measurement,  are  a good  represen- 
tation of  total  NO..  The  original  values  of  Mason  and  Horvath 
(1976]  are  now  believed  to  underestimate  the  true  concentra- 
tion due  to  uncertainties  in  the  instrument  background  signal 
(J.  J.  Horvath,  personal  communication.  1976).  ~!\e  adopted 
high-altitude  results  merged  rather  smoothly  with  tlie  total 
NO.  measurements  of  Ackerman  et  al.  (1975].  which  were 
obtained  by  balloon-borne  solar  infrared  absorption  hiethods 
near  sunset.  Although  NO  and  NO,  individually  vary  with 
time  at  high  solar  zenith  angles,  their  sum  remains-  constant. 
However,  addition  of  the  two  constituents  measured  sepa- 
rately leads  to  large  error  bars.  The  morning  NO  results  of 
Drummond  et  al.  [1977]  from  a balloon-borne  chem- 
iluminescent probe  in  Wyoming  form  the  basis  of  the  small 
NO.  model.  Nitrogen  dioxide  concentrations  were  computed 
fiom  the  measurements  by  using  a solar  zenith  angle  of  76° 
and  the  small  CIO  model  discussed  below.  The  results  were 
extrapolated  to  55  km  from  their  peak  altitude  of  45  km.  Table 
3 lists  the  hnal  large  and  small  NO.  models. 

The  availability  of  CIO.  data  is  even  less  satisfactory  than 
that  of  NO..  We  have  adopted  large  and  small  CIO  models 
based  on  the  balloon-borne  resonance  fluorescence  measure- 
ments of  Anderson  and  Margitan  (1977]  conducted  from  P -s- 
tme.  Texas,  on  October  2 and  December  8.  1976.  respectiv . > . 
Atomic  chlorine  concentrations  were  then  computed  from  the 
reactions  of  Table  2.  neglecting  the  small  effect  of  CK)  photo- 


TABLE  2.  Reactions  and  Rate  Cocfficienis  Used  in  the  Data  Analysis 


No 

Reaction 

Rate 

Reference 

(Rl) 

tR2) 

0,  + *r-0('A’)-i-0(*P) 

y, + A-4.3X  10- "• 

Acktrman\\9Ti] 
• Rar*[l974) 

(R3) 

NO-l-0,-NO, + 0, 

*,-9.0x  IO-“exp(-l300/D 

Bonner  etallim] 

(R4) 

NO,  + OCR)  - NO  + 0, 

*, -9  IX  t0-“ 

Bonner  etal  11973] 

(R3) 

NO,  + *.  - NO  + 0('R) 

y. -4.8X  10  ' 

Brasseur  end  A icolet 

(R6) 

0(*R)  + 0,-0,  + 0, 

1.1  X IO-"exp(-2l50/n 

(I973J 

Nicdei  .1975) 

(R7) 

0('D)  + 0.-0,  + 0, 

*, -2.5X10- •• 

Bonner  etal  (1973) 

(R8) 

OCR)  + 0('R)+M-0,+  M 

- 4.7  X IO-"(300/7? 

Aifofer(l975) 

(R9) 

0(-R)-fO,+  M-0.+  M 

- 1.1  X 10-"exp(5I0/r) 

Ai«>/er(l975) 

;RI0) 

Ot^hr-^Ot-r-OeP) 

y„  - 2.4  X I0-* 

4c4rmMn(l97l) 

(RIl) 

O, + Ar-0,  + 0('D) 

y„  • 2.6  X to-* 

AciemiM  (1971) 

(RI2) 

0('0)  M -0(*R)+  M 

3.2X  I0-" 

Strritetal.  [1976] 

(RI3) 

CI  + 0.-CI0  + 0, 

3.6X  IO-"exp(-3ll/T) 

/.lurraf  (1976) 

(RI4) 

CIO  + 0CR)-CI  + O, 

1.2 X IO-'*exp(-250/T) 

i.iueitd.  (1976) 

(RI5) 

CK  ; NO-CI  + NO, 

*„-  1.7  X 10- " 

Liu  etal  (1976) 

(RI6) 

OHi-OCRI-H-i-O, 

**  - 4X  10  " 

Afrofer  (1975) 

(RI7) 

f*  + o,-Oh  >^0, 

- 1.2  X IO-“exp(-560/T) 

Airo/rr(l97S) 

(RI8» 

H0,  + 0('/')-0H  SO, 

*„-«X  l0-"exp(-500/n 

Sicolei  (1975) 

(RI9) 

OH  + 0,-H0,  + 0, 

1.3  X IO-“exp(-950/n 

Aicofer  (1975) 

(R20) 

H0,  + O,-OH  + 0,  + 0, 

*,  • 1 X IO-**exp(-l250/n 

Aif9/«(I975) 

(R2I) 

H+0,  + M-H0,-^M 

- 6x  10  "exp (290/ T) 

Nicolei  ( 1975) 

* All  dissociation  rates  listed  refer  to  an  altitude  of  SO  km  for  solstice  conditions  and  have  been 
di.rnally  averaged.  Reponed  values  assume  that  only  the  direct  tolar  beam  is  Dresem  The  rales  were 
corrected  for  multiple  scattering  jnd  a surface  albedo  of  0.35  by  using  the  results  of  Luther  and  Gehnas 
( 1976)  before  use  in  calculations  reported  in  the  text 
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Fig.  3.  Companscn  of  the  0('F)  measurement  of  Amkrsoti  [1975] 
with  the  profile  deduced  from  the  solstice  ozone  measurements. 


dissociation.  Table  3 presents  the  adopted  large  and  small 
CK),  models. 

The  total  odd  hydrogen  concentration  ((HOi]  » [H|  + 
[OH]  -I-  (HO,|)  is  not  constant  during  a 24-hour  period  as  was 
the  case  with  NO..  A measurement  at  a specific  local  time 
combined  with  the  interconversion  reactions  of  HO.  does  not 
specify  the  odd  hydrogen  concentration  at  all  other  times.  We 
therefore  adopt  theoretical  calculations  from  the  time-depen- 
dent model  of  S.  C.  Liu  (personal  communication.  1977)  by 
using  rate  coefficients  such  that  the  mid-latitude  OH  measure- 
ment of  Anderson  (1976)  is  reproduced  at  a solar  zenith  angle 
of  80*.  Liu  ei  at.  [!9''6]  have  described  similar  calculations 
using  a diurnally  averaged  model.  Figure  5 presents  the  final 
OH  profiles  used  at  various  solar  zenith  angles  and  the  Ander- 
son [1976]  measurement.  We  consider  the  limitations  of  using 
mid-latiiude  radical  concentrations  with  the  tropical  ozone 
data  in  a later  section. 

The  instantaneous  O.  catalytic  loss  rate  derived  from  the 
reactions  of  Table  2 is 

L'(cat)  = L(NO.)  + L(CIO.)  + L(HO.)  (3) 


Fig_4  Diurnally  eraged  profiles  of  the  odd  oxygen  production 
rate.  /’(O. »,  the  loss  rate  in  a pure  oxygen  atmosphere,  1(0.).  and  the 
catalytic  loss  rale  L(cal)  required  to  reproduce  the  BUV  so:..lice  ozone 
profile 


TABLE  3 NO,  and  CIO,  Models  Used  in  the  Catalytic  Loas  Rate 
Calculations 


Altitude, 

Large  NO,.* 

Small  NO,.t 

Large  00,4  Small  CIO,4 

km 

cm‘“ 

cm  * 

cm  • 

cm* 

55 

9.J0  X lO" 

9.12  X Iff 

50 

1 g7x  lO* 

1.72  X Iff 

2 40  X Iff 

6.00  X Iff 

45 

4.50  X l(f 

3.20  X Iff 

1 60  X 10’ 

4,50  X Iff 

40 

1.18  X I0> 

6.12  X Iff 

9.20  X Iff 

2 40  X Iff 

35 

2.10  X l(f 

9.40  X Iff 

4.70  X Iff 

9.00  X Iff 

30 

3.00  X Iff 

1,30  X Iff 

6 70  X Iff 

6 40X  Iff 

25 

4.00  X Iff 

1.80  X Iff 

4,20  X Iff 

400  X Iff 

* Besed  on  unpublished  NO  measurements  by  J.  J.  Horvath  above 
42  km  and  data  of  Ackerman  ei  at  [1975]  at  lower  altitudes.  ([NO,]  • 
[NO]  -I-  [NO,] ) 

t Based  on  NO  mnsuremeni  of  Drummond r;  at  [ 1977]  up  to  45  km 
and  ex.iapolated  to  higher  altitudes. 

2 Based  on  data  of  Anderson  and  Margiian  [1977]  up  to  40  km  and 
extrapolated  to  higher  altitudes. 


where 

L(NO.)  = *,(0,]!NO]  + *.[0(*/’)][N0.]  - A[NO,]  (4) 
L(CIO.)  = *.,[0,][C:]  + ((..[OCfniCIO] 

L(HO.)  = 2*..(0(*/>)][0H]  + 2/t„[0,][OH]  (5) 

[N0.1  *,[0,]  -h  *..[CIO] 

[NO]  ' k,[0{'P)]  + J,  ' ’ 

and 

[Cl]  it..[0(’/*)]  -h  *,.[NO] 

[CIO]  " *,.[0,1  ' ’ 

We  add  a prime  to  the  loss  rate  computed  in  (3)  to  distinguish 
it  from  the  results  of  (2)  and  Figure  4.  The  time  constant  for 
chemical  removal  of  odd  oxygen  in  the  upper  stratosphere  is 
longer  than  the  duration  of  day  and  night  so  that  the  measured 
ozone  concentrations  represent  a response  to  a diurnally  aver- 
aged solar  flux  For  comparison  to  Figure  4 the  predictions  of 
(3)  must  be  diurnally  averaged  We  do  this  by  computing 
/.'(cat)  at  I -hour  intervals  during  the  course  of  the  day  and 
numerically  averaging  the  results  over  24  hours.  The  total  NO, 
and  CIO,  concentrations  were  he'd  constant,  but  the  ratios  of 
the  individual  odd  species  were  allowed  to  vary  during  the  day 


Fig  5 Comparison  of  hydrcuyl  radical  calculations  for  various 
solar  zenith  angles  (S  C I lu.  personal  communication.  1977)  with  the 
measurement  of  Anderson  [1976] 


264 

•m- 


Fi|  6 Diurnally  avcrafcd  catalytic  loss  rates  computed  by  using 
NO,.  CIO,,  and  HO,  models  and  the  rate  required  to  reproduce  the 
solstice  oeone  profile  The  HO.  catalytic  cycle  becomes  the  dominant 
loss  process  above  40  km. 


The  averaging  procedure  was  done  for  the  standard  HO, 
model  and  four  combinations  of  the  NO,  and  CIO,  profiles, 
large  NO,-large  CIO,,  large  NO,-small  CIO,,  small 
NO,-large  CIO,,  and  small  NO,-small  CIO,. 

Comparison  of  Catalytic  Loss  Rates 

Figure  6 presents  the  diurnally  averaged  catalytic  loss  rates 
computed  from  the  adopted  OH  profile  and  three  of  the 
NO,-CIO,  combinations.  Also  shown  is  the  L(cat)  result  re- 
quired by  the  solstice  ozone  profile.  Between  30  and  42  km  the 
large  NO,-large  CK).  model  approximately  provides  the  loss 
rate  demanded  by  the  BUV  measurements.  The  presence  of 
latitudinal  gradients,  meteorological  variability,  and  uncer- 
tainiies  in  the  radical  measurements  requires  that  one  not 
demand  strict  agreement  If  we  assume  latitudinal  gradients  in 
NO,  and  CIO,  similar  to  those  in  O,.  then  the  tropical  profiles 
will  be  smaller  than  those  used  here  by  a factor  of  1. 1-1.3 
Model  calculations  for  NO,  by  Frmn  ei  al.  (1975)  show  this 
trend;  however,  the  measurements  of  Schmeliekopf  et  al 
[1977]  reveal  N,0  concentrations  in  the  tropics  near  30  km 
which  are  a factor  of  2 above  the  theoretical  results  In  view  of 
the  uncertainty  in  stratospheric  transport  parameters  above  30 
km.  it  IS  not  clear  that  motions  can  reverse  the  latitudinal 
gradiei.t  in  NO,  established  by  the  large  tropical  source.  Simi- 
lar arguments  apply  to  CIO,  From  the  available  information 
we  can  conclude  only  that  t)ie  ozone  profiles  measured  by  AE- 
E are  consistent  with  large  but  reasonable  concentrations  of 
NO,  and  CK), 

Above  42  km  the  O,  catalytic  loss  due  to  HO,  becomes 
important,  and  a significant  discrepancy  appears  in  Figure  6. 
Hydroxyl  radical  concentrations  consistent  with  the  Anderson 
(1976]  measurement  at  32*N  in  January  provide  far  more  loss 
than  can  e tolerated  by  the  BUV  results.  At  4S  km  the 
discrepancy  is  a factor  of  2. 1 and  increases  to  a factor  of  4.7  at 
SO  km.  At  these  altitudes  the  O,  loss  rate  in  a pure  oxygen 
atmosphere  is  ] or  less  of  the  |'r  ..u  .ction  rate  so  that  the  I(cat) 
prediction  of  (2)  cannot  be  sevc.  ciy  in  error.  Bamvi  [ 1976]  has 
observed  large  temporal  variations  in  the  total  OH  column 
abundance.  The  profile  ot  Anderson  [1976]  implies  a column 
abundance  typical  of  those  of  Barnett.  However,  early  rocket- 
borne  measurements  of  OH  between  45  and  70  km  by  Ander 
son  [1971]  at  a solar  zenith  angle  of  86°  gave  results  much 
smaller  than  those  used  here  If  the  time-dependent  OH  calcu- 
'ations  are  normalized  to  the  older  results,  one  obtains  satis- 


factory agreement  between  the  two  sett  of  O,  loss  rates.  How- 
ever. present  knowledge  of  the  rcactioii  rates  involved  in  the 
OH  calculations  (CAaqg  and  Kmtfman.  1977]  support'  the 
more  recent,  large  measurements.  The  calculations  of  Frinn  et 
al.  1 1975]  show  minor  latitudinal  variatiisns  in  OH  between 
32* N and  the  equator  in  winter.  The  gradient  which  does  exist 
implies  more  OH  in  the  tropics  than  at  mid-latitudes,  where 
the  measurement  used  here  applies.  We  must  conclude  that 
(tither  the  average  OH  concentration  within  20*  of  the  equator 
is'  much  smaller  than  that  predicted  by  current  photochemical 
m.'Xiels  and  measured  at  32*N  or  the  ^d  oxygen  catalytic  loss 
rat>r  is  larger  than  that  predicted  by  (2). 

Conclusions 

The  tropical  ozone  profiles  obtained  by  the  AE-E  BUV 
expen  ment  are  in  general  agreement  with  other  low-latitude 
data.  1'he  large  quantity  of  information  shows  that  I’emporal 
variations  in  tropical  ozone  are  small,  at  least  over  time  scales 
of  the  or  der  of  3 months. 

At  present  only  a small  amount  of  data  exists  on  wh  ich  to 
base  calcL'Iations  of  the  O,  catalytic  toss  rate.  The  largest 
available  NO,  and  CK),  data  arc  able  to  supply  the  loss 
required  by  the  BUV  results  between  30  and  42  km.  Above  42 
km  the  discrepancy  between  the  O,  loss  supplied  by  OH  mcnl- 
els  atid  the  I oss  deduced  from  the  BUV  data  appears  larger 
than  any  likely  error  in  the  input  data.  If  we  accept  the  OH 
concentration  lised  here  as  representative  of  the  mean  state  of 
the  atmosphere , we  then  require  an  odd  oxygen  production 
rate  larger  than  that  supplied  by  current  calculations  of  the 
photodissociation  rate  of  O,.  This  implies  either  additional 
sources  of  O,  or  a very  large  value  of  J,  -i-  J,  above  40  km. 

The  large  variations  which  exist  in  mid-latitude  values  of 
[NO,],  (CIO,],  and  [HO,]  are  responsible  for  major  uncer- 
tainties when  single  measurements  are  compared  with  model 
calculations.  The  small  variability  in  tropical  ozone  suggests 
similar  behavior  for  ot  her  constituents.  A series  of  NO,,  CIO,, 
and  HO,  measurement  s at  low  latitudes  combined  with  ozone 
data  could  provide  a bet  ter  test  of  photochemical  theories  than 
is  possible  with  results  p resentiy  available 
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COUPLING  PROCESSES  RELATED  TO  THE  SUN-WEATHER  PROBLEM* 
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Physical  mechanisms  for  coupling  the  energetics  of  solar  activity  to  meteoi  ological 
n sponses  are  reviewed.  Although  several  hypotheses  have  been  advanced,  none  can 
be  said  to  be  inificiently  complete  to  be  applied  to  weather  or  climate  prediction. 
Solar  activity  indicators  potentially  useful  for  forecasting  are  identified,  including 
sunspots,  solar  flares,  and  magnetic  sector  boundary  crossings.  Additional  experi- 
ments, studies  and  analyses  are  required  before  sun-weather  concepts  can  be  utilized 
for  predicting  metenrological  responses. 
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AURORAL  X-RAY  HETF-CTION  FROM  ROCKET  OVERFLIGHTS 


R.  A.  Goldberg  (NASA/Goddard  Space  Flight  Center,  Laboratory  for 
Planetary  Atmospheres,  Greenbelt,  Maryland  20771  USA) 

J.  R.  Barcus  (Dept,  of  Physics,  Denver,  Denver,  Colorado 

80210  and  NAS-NRC  Senior  Resident  Associate,  NASA/Goddard  Space 
i-light  Center,  Greenbelt,  Maryland  20771  USA) 

1 II.  Gcsell  (Computer  Sciences  Corporation,  Silver  Spring,  Maryland 
20910  USA) 

R.  R.  Vondrak  (Radio  Physics  Laboratory,  SRI  International,  Menlo 
Park,  California  94025  USA) 

Remote  sensing  of  auroral  x-rays  from  the  topside  can  provide  both 
local  and  global  information  concerning  x-ray  and  energetic  particle 
deposition  within  the  middle  atmosphere.  Recently,  satellite  [1,2] 
and  rocket  [3]  results  have  illustrated  the  f''asibility  of  this 
technique.  Usually,  contamination  of  x-ray  detectors  by  corpuscular 
radiation  can  severely  affect  the  scope  and  accuracy  of  the  measure- 
ment. Here  we  report  preliminary  results  obtained  with  a rocket- 
borne  instrument  designed  to  operate  cleanly  in  a precipitating 
particle  environment.  Two  dimensional  images  of  the  atmospheric 
bremsstrahlung  x-ray  sources  were  also  constructed  from  the  detector 
scan  produced  by  payload  Translation  and  coning. 
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Meaturememi  indicaie  that  ambient  NC,(NO  + NOi)  concentrations  var>  over  at  least  an  order  of 
mainitude  in  the  troposphere.  Thus  it  is  of  interest  to  stud)  atmospheric  chemistr)  with  NO,  concentra- 
tions covennf  this  range  In  this  paper  we  present  stead>  state  calculations  which  show  that  as  NO, 
concentrations  are  increased  from  very  lo*  values,  the  hydroxyl  radical  concentration  |OH]  increases  at 
fast  and  then  decreases  This  change  of  behavior  occurs  at  [NO,J  0.23  ppb  in  our  model.  Also,  the 
response  of  the  atmosphere  to  increased  CO  Ruses  undergoes  a qualitative  change  as  a function  of  |NO,| 
At  low  levels  of  [NO,],  an  increase  in  CO  fluxes  into  the  atmosphere  depletes  (OH)  and  increases  |CH.) 
and  |HJ.  as  reported  in  the  literature  However,  at  high  values  ol  [NO,),  increased  CO  fluxes  give  rise  to 
•n  increase  in  |OH)  and.  consequently,  a decrease  in  |CH,)  and  |H,1 


1.  Introduction 

Anthropogenic  ctrbon  monoxide  emissions  constitute  a sig- 
flificani  fraction  of  the  tropospheric  CO  source  [Jaffe.  1975] 
and  therefore  are  important  in  determining  ambient  CO  con- 
centrations. Since  carbon  monoxide  reacts  with  the  hydroxyl 
radical,  OH,  which  in  turn  plays  a central  role  in  tropospheric 
photochemistry,  any  increase  in  anthropogenic  CO  emissions 
may  alter  the  concentration  of  various  trace  gases  such  as 
methane,  hydrogen,  and  freons  21  and  22. 

We  have  calculated  the  effects  of  increased  CO  emissions  on 
tropospheric  CH<  levels.  Alterations  of  the  CH,  concentration 
by  increasing  CO  fluxes  are  of  particular  interest  since  ( I ) CH, 
is  itself  a major  source  of  carbon  monoxide  and  changes  in  its 
concentration  will  comprise  a feedback  into  the  perturbation 
chemistry,  (2)  CH,  has  an  infrared  absorption  band  at  7.7  pm 
which  contributes  to  the  heating  of  the  lower  atmosphere  and 
changes  in  its  concentration  may  thus  have  climatic  signifi- 
cance, (Waag  et  af..  1976]  and  (3)  changes  in  the  tropospheric 
CH,  abundance  will  be  reflected  in  corresponding  st'aio- 
spheric  changes  with  possible  impact  on  stratospheric 
photochemistry. 

Alt  immediate  consequence  of  increased  CO  abundance  is  to 
shin  the  odd  hydrogen  balance  from  OH  to  HO,  via  the 
reactions  (reaction  numbers  correspond  to  those  given  in 
Table  I ): 

(R20)  CO  + OH  - CO,  + H 

(R28)  H + O.  il  HO, 

Since  the  reaction  of  methane  with  OH, 

(RI7)  CH.  + OH  - CH,  + H,0 

is  the  only  known  tropospheric  sink  for  CH«,  such  a shift  in  the 
odd  hydrogen  balance  can  be  expected  to  lead  to  an  increase  in 
the  methane  concentration  (CkomeKfrj  ei  al..  1977;  Sie.  1977). 
However,  we  have  found  that  the  extent  and  even  the  sign  of 
the  methane  change  it  dependent  on  the  assumed  NO.  (NO.  <• 
NO  7-  NO,)  background. 

Copyright  9 1979  by  the  AmerKsn  Geophysical  Union. 
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It  IS  difficult  to  infer  mean  global  NO  or  NO,  concentrations 
from  reported  measurements.  Observations  till  1974  have  been 
summarired  by  Ackerman  ]I975].  Tropospheric  nitric  uxide 
measurements  were  not  available  at  that  time  and  the  reported 
nitrogen  dioxide  measurements  were  found  to  range  from  less 
than  0.1  ppb  to  several  ppb.  More  recently,  Soxon  (1975]  has 
measured  NO,  absorption  spectra  in  Colorado.  This  yielded 
an  upper  limit  on  NO,  mixing  ratio  of  0.1  ppb.  Using  continu- 
ous chemiluminescence  analysis.  Cox  (1977]  found  NO  i 0.2 
ppb  and  NO,  > 0.4  ppb  in  background  maritime  air  in  S.W. 
Ireland.  McElroy  and  Kerr  (1977]  observed  NO,  absorption  in 
limb  scan  experiments  in  Saskatchewan  and  obtained  mixing 
ratios  close  to  I ppb  throughout  the  height  of  troy  >sphere. 
Thus  measurements  of  unpolluted  tropospheric  air  ndicate 
values  of  NO,  concentration  that  differ  by  factors  of  greater 
than  10. 

The  importance  of  NO.  in  the  CO-CH,  perturbation  arises 
because  the  fate  of  the  HO,  molecule  produced  in  reaction 
(R28)  depends  on  the  concentration  of  NO  The  major  sinks 
for  the  HO,  molecule  are  given  by  the  following  reactions: 


(R29) 

HO.  + HO,  - H,0,  + 0, 

(R30o) 

HO,  + NO  - NO,  + OH 

(R33) 

HO,  + O,  - OH  + 20, 

Let  us  now  consider  two  limiting  cases.  First,  we  assume  that 
concentration  of  NO  is  vanishingly  small  so  that  the  loss  of 
HO,  through  (R30o)  is  nearly  zero  and  HO,  removal  is  domi- 
nated by  (R29)  and  (R33).  Thus  the  OH  molecule  lost  in  (R20) 
is  either  recovered  in  (R33)  or  is  converted  to  H,0,  in  (R29). 
This  results  in  a net  decrease  in  OH  concentration  and  an 
increase  in  H,0,  concentration.  This  is  the  case  reported  by 
Chametdes  ei  al  (1977)  and  Sze  (1977). 

Next  we  consider  the  limiting  cam  in  which  NO  it  so  abun- 
dant that  (R30u)  dominates  HO,  removal  in  comparison  with 
(R29)  and  (R33).  The  concentration  of  NO  for  which  this 
would  occur  depends  on  the  rates  of  reactions  (R29).  (R30a). 
and  (R33).  With  the  rates  given  in  Table  I we  find  that  when 
(NO,)  - 0.5  ppb  and  [O,]  - 45  ppb,  our  model  predicts  (NO) 
• 0.14  ppb  and  (HO,)  - 1.0  X 10  * ppb.  In  this  cate  HO,  lost 
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TABLE  la.  Reiciiont  ind  Ritn  UNd  in  the  Pr«$eni  Modal  for  Photolyui  Reactiont 


Reaction 

No. 

Reaction 

Rate.r-> 

Refertnce 

Wavdentth 
Range,  A 

(RIa) 

0,  + A»  — 0,  + 0 

1.2  X 10-‘ 

(19611 

2800-7300 

(Rl*) 

0,  + *r-0, + 0(','’) 

1.5  X to  * 

LMgAroa  ( 1961 1 (crou  section ) 

UoongQt  and  R'ameck  (1975)  (quantum  yields) 

2800-3300 

(R2) 

NO,  + - NO  + 0 

2.4  X I0-* 

JchutOHmdCiekam  (1974) 

2800-4200 

(RJa) 

(RJ*) 

(R4) 

NC,  + *»  - NO  + O, 
NO,  + *r  - NO,  + 0 
N/),  + A»  - NO,  + NO, 

I.2X  lO-w 
3.6  X 10" 
3.4  X lO  * 

yeAAjXMondCnakaiN  (1974) 

2800-3800 

(RS) 

HNO,  + *»-OH  +NO 

O.V, 

Cez(l975) 

3000-4000 

(R6) 

HNO,  + *»-OH  + NO, 
HA-r4a-20H 

8.5  X I0-* 

MvtoemdGmlmm  (1974) 

2800-3250 

(R7) 

:.3X  I0-* 

Z.«(|Aim(I96I) 

2800-3700 

(R*o) 

H,CO  + *»  - HCO  + H 

3.4  X 10-* 

Ceivtnttel.  [1972] 

2800-3600 

(R«6) 

Hrf:0  + *i'-CO  + H, 

l.Sx  10-* 

Cmictnttal  (1972) 

2800-3600 

(R9) 

CH,OOH  + *r  - CH,0  + OH 

2.3  X I0-* 

Auume  k~k,  foUowinf  Ckemtidn  and  Walktr  (1976) 

■Calculated  for  zenith  angle  equal  to  zero  by  H.  S.  Johnston  and  R.  Graham  (personal  communication.  1976). 


rates  through  (R29).  (R30a),  and  (R33)  are  2J;»(HO,]  -0.005/ 
a,  - t.!/s,  and  - 0.03/s,  respectively.  There- 

fore, for  such  NOi  concentrations,'  almost  all  OH  molecules 
destroyed  in  (R20)  are  recovered  in  (R30a).  Actually,  an  ex- 
cess of  OH  results  because  the  overwhelming  majority  of  NO| 
molecules  thus  produced  is  photodissociated  to  NO  and  O, 
which  results  in  ozone  formation: 

(R2)  NO,  + - NO  -I-  O 

(RIO)  0+0,  + M^O,  + M 

The  O,  molecule  produced  in  (RIO)  can  be  removed  in  a 
number  of  ways  which  include  interactions  with  NO,,  HO„ 
and  solar  radiation.  However,  the  sink  mechanism  which  is 
significant  in  controlling  OH  abundance  is  (Rib),  in  which  a 
small  fraction  of  O,  molecules  is  photodissociated,  yielding  an 
excited  atom  0('D). 

(Rib)  0,  + - O,  + 0(‘/>) 

Most  of  0{'D)  atoms  are  quenched  to  the  ground  state  result- 
ing in  O,  reformation  by  (RIO).  However,  a few  percent  of 
0{'D)  atoms  interact  with  >ater  vapor  to  yield  two  OH  mole- 
cules: 

(RI2)  0(‘/))  + H.0  - OH -I- OH 

Thus  for  large  NO,  wncentrations  the  injection  of  CO  into  the 
atmosphere  results  in  a net  production  of  OH  molecules,  i.e., 
the  perturbation  in  the  OH  concentration  (and  hence  in  the 
concentration  of  CH«)  changes  sign  as  we  go  from  low  NO, 
concentrations  to  high  NO,  concentrations.  Calculations  illus- 
trating this  behavior  are  presented  in  the  next  section. 

2.  Calculations 

We  calculate  the  elTecu  of  variations  in  the  CO  flux  into  the 
atmosphere  with  a zero-dimensional  equilibrium  model  of  the 
troposphere  [Siewan  ei  a!.,  1977],  The  model  computes  the 
concentrations  of  (race  species,  for  mean  tropospheric  condi- 
tions (i.e.,  density  of  air  - 1.7  X 10"  molecules/cm',  temper- 
ature - 273*K)  by  equating  the  rates  of  production  and 
destruction  in  an  iterative  procedure  which  continues  until 
fractional  changes  in  all  the  computed  concentrations  are  leu 
than  a prescribed  'error  criterion.'  Since  we  expect  the  per- 
turbation due  to  CO  injections  to  go  through  a qualitative 
change,  the  error  criterion  wu  taken  u 10*'  to  auure  numeri- 
cal accuracy  in  the  critical  region  where  the  response  of  the 


model  atmosphere  changes  sign.  On  the  average  a few  thou- 
und  iterations  per  model  computation  were  required  to  meet 
this  criterion.  The  reaction  rates  are  given  in  Tables  la  and  lb 
and  are  taken  from  the  NASA  publication  1010  [//udton, 
1977)  unleu  otherwise  suted. 

Thie  concentrations  of  CH«,  H,,  CO,  NO,,  and  O,  are  pre- 
scribed in  the  model  at  the  estimated  global  averages  (Table  2). 
The  photochemical  rate  of  production  f,  of  each  of  these 
species  is  augmented  by  a flux-divergence  term  f,  which  is 
^fined  as  flux  of  i into  (he  troposphere  minus  flux  of  i out  of 
the  troposphere,  f,  is  adjusted  so  that  F,  + F,^  L,Ct,  where  Li 
and  Cl  are  the  rate  of  lou  and  the  concentration  of  (he  species 
I.  The  F,  calculated  in  this  manner  depend  on  the  prescribed 
concentrations  and  the  reaction  rate  coefficients.  They  also 
depend  on  the  auumed  NO,  abundance  (only  one  of  NO  and 
NO,  concentrations  need  oe  prescribed;  the  other  is  deter- 
mined by  the  chemistry).  The  Fi  obtained  for  NO,  - 0.02  ppb 
ate  shown  in  Table  I.  The  flux  divergences  from  the  model 
have  been  multiplied  by  the  volume  of  the  troposphere  to 
obuin  the  units  in  megatons  per  year.  For  ozone  a sink  at  the 
ground  is  included  with  a deposition  > locity  of  0.08  cm/s 
which  means  that  the  ground  accounts  for  the  lou  of  52 1 Mt 
of  ozone  per  year.  Thus  Fo,  - 383  Mt/yr  means  that  transport 
from  the  stratosphere  should  be  904  Mt/yr  to  maintain  the 
concentration  of  O,  at  4.5  pphm. 

The  predicted  variation  ir.  atmospheric  methane  u a func- 
tion of  CO  flux  into  the  atmosphere  is  shown  in  Figure  I.  For 
each  curve  shown  in  this  figure  an  unperturbed  atmosphere 
was  first  calculated  for  a particular  NO,  concentration  and  the 
other  preuribed  concentrations  u given  in  Table  I . The  per- 
tubation  study  was  then  carried  out  by  repeating  this  model 
calculation  with  the  CO  flux  changed.  Further  details  of  the 
perturbation  calculation  arc  given  in  Table  3.  In  this  table, 
concentrations  with  subscript  zero  arc  for  the  unperturbed 
atmosphere,  and  concentrations  without  this  subscript  are  for 
the  perturbed  calculation  in  which  CO  flux  into  the  atmo- 
sphere wu  increased  by  a factor  of  2. 

An  examination  of  Figure  I and  Table  3 shows  that  the 
lesponM  of  the  model  atmosphere  to  a CO  flux  perturbation 
changu  sign  near  (NO,),  ■ 0.23  ppb.  For  [NO,],  < 0.23  ppb 
[CH,]  Increasn  with  an  increase  in  CO  flu.K,  while  for  [NO,), 
2 0.23  ppb  [CH,]  decreasn  with  an  increoK  in  CO  flux.  This  is 
because  an  increase  in  CO  flux  tiecreasu  [OH]  for  small 
[NO,],  but  increosu  [OH]  for  large  [NO,],.  Molecular  hydro- 
gen is  seen  to  change  in  a manner  similar  to  that  of  methane. 


TABLE  It.  Reictioni  tnd  Ritct  Ui«d  in  the  Preicni  Model  for  Nonphoiolytic  Reectiont 


Reaction  No. 

Reaction 

Rate* 

Reference 

(RIO) 

0 + Oi4»-a 
(X'D)^orh 

l.l  X io-v+^ 

Mentpson  end  Cervin  1 1 97  5] 

(Rile) 

2.0  X 

(Rllb) 

(X‘D)^OCP) 

2.9  X |0  "»*’  ^ 

(RI2) 

0('0)+  H.0-20H 

2.3  X 10  “ 

(RI3e) 

0(‘0)  + CH,-CH,  + 0H 

1.3  X 10-“ 

(Rl») 

(3('i))  + CH,  - H/:0  + H, 

1.4  X 10- " 

(RU) 

0('0)+  H.-H  + OH 

9.9  X 10- " 

(RI5e) 

OH  +0H-0  + H.0 

1.0  X 10- 

(Rl$6) 

OH  -rOH3L.<HA 

1.25  X 10-“»**+^ 

(RI6) 

OH  + HO,  - H,0  + 0, 

3.0  X 10- " 

(RI7) 

OH  +CH.-CH.+  H.0 

2.4  X 10- 

(RID 

OH  + CH.OOH  -CH.O,  > H,0 

■A*| 

Ckomtidts and  Walker  {\m\ 

(RI9) 

OH  + H/X)  - HCO  + H/3 

3.0  X 10- "r-***" 

(R20) 

OH  + CO  - H X CO, 

1.4  X 10“ 

(R2I) 

OH  + H,  - H + H,0 

1.8  X iO-“e-****  + 

Smith  and  Zellntr  ( 1 974)( 

(R22) 

OH  + HA-H0,H,0 
OH  + NOi_  HNO, 

1.0  X 10- 

(R23) 

5.6  X 10- 

C0Jtll“75) 

(R24) 

OH  + NO, -2-  HNO. 

1 1 X 10-"4 

From  / d^ndenl  espreuion  in  //udson  [1977] 

(R25) 

0H  + HN0,-N0,  + H,0 

8.0  X 10-“ 

(R26) 

OH  + HN0,-N0,7  H,0 

2.1  X 10“ 

Cox  (1975) 

(R27) 

OH  +0,-HO,  + 0, 

1.5  X lO-“f-“**'^ 

(R2D 

H -f  0,3!-.  HO, 

2.1  X 10-“r"*'*^ 

(R29) 

:io,  + HO,  - HA  + o. 

2.5  X 10  “ 

(R30e) 

HO,  + NO-OH  + NO, 

8.0  X 10-“ 

(R)06) 

HO,  + NO!!-  HNO, 

1.4  X 10- “1 

Cox  (1975) 

(R3I) 

H0,+  N0,-HN0,  + 0, 

3.0  X 10  “ 

Cox  [1975] 

(R32) 

HO,-rNO,-HN0,  + O, 

1.7  X 10  “ 

Demtijian  el  al  (1974) 

(R33) 

HO, + 0,- OH + 20, 

7.3  X 10 

(R34) 

HO,  + H,CO  - HA  + HCO 

1.7  X l0-“»-**"^ 

(R3S) 

HO,  + CH,0,  -CH.OOH  + 0, 

6.7  X 10-“ 

Demerjianet  al  (1974) 

(R36e) 

CH,  + 0,3L-CH,0, 

4.0  X 10- “T 

Demerjianei  al  (1974) 

(R36b) 

CH,  + 0,-H,C0  + 0H 

2.9  X iO-“f-*“^ 

Washtda  and  Boves  1 1976]|| 

(R37) 

KH,0,~2CH,0  + 0, 

1.7  X 10“ 

Barker  ei  al  (I973|||.  Jemerjian  ei  al  [1974] 

(R3D 

CH,0  + 0,  - H,C0  + HO, 

1.6  X 10- 

Heicklen  |I973|I! 

(R39) 

HC0  + 0,-C0  + HO, 

6.0  X 10  “ 

(R40) 

CH,0,+  N0-  ''H.O  + NO, 

3.3  X 10- “f-"** 

Demerjianet  al  (1974] 

(R4I) 

CH,0,  + NOi  - HNO.  + H,CO 

OOikt, 

Cox  ere/  (1976) 

(R42) 

NO,  + 0,  - NO,  + 0, 

1.2  X iO-“f-**“’^ 

(R43) 

N0  + 0.-.N0.  + 0, 

2 1 X lO-“f-“**^ 

(R44e) 

NO,  + NO,!!-  N,o, 

3 8 X 10-“»* 

Demerjianet  al.  (1974) 

(R444) 

N0,  + N0.-N0,  + N0  + 0, 

2.3  X iO-“f-““  ’’ 

(R4SI 

NA—  NO,  + NO, 

5.7  X lO'V  •‘•"'’■g 

Baidch  ei  al.  [1973)11 

(R46) 

NO.  + NO-2NO, 

8.7  X 10  “ 

(R47e) 

HNO,  — rainoul 

1.15  X 10* 

10-days  rair.oui  time 

(R47») 

HA  -*  rainout 

1.15  X 10* 

(R47r) 

H,CO  — rainoul 

1 15  X 10* 

(R47d) 

CH.OOH  — rainout 

1.15  X 10* 

(R4D 

NA  + H,0-2HN0, 

1.0  X i0-“e- 

(R49) 

HO,  + CO- OH  + CO, 

1 0 X 10-" 

*Ritti  irt  from  Hudion  (1*77)  unku  othcrwUe  indiceted.  Unimoleculir,  bimoiccultr.  end  termolecular  me  conttantt  are  given  in  units  of 
a'’,  cm^  •*',  and  cm*  r'.  Sm  also  footnotu  below. 

I.Mcuutement  at  l-atm  pretiure. 

ISecond<order  high-preuure  limit. 

IIQuoted  in  Hampsoo  end  Cerc/n  (I97SJ. 

**Calcuiaied  from  reverie  rate. 

IFini'Order  high-preuure  limit. 


TABLE  2.  Flut  Oivergcncct  f,  Computed  in  the  Model  to  Yield  the  Preicribed  Specice  Concentrations 


Flux 

Other  Estimata 

Concentration, 

Oivergence, 

of  Flux. 

Species 

ppm 

MT/yr 

MT/yr 

Reference 

CH. 

1 4 

278 

546-1060 

\Enhali.  1974] 

H, 

0.5 

-10.7 

48 

[IMmldr.  1974) 

CO 

0.125 

512 

359,640 

Vnffe.  1975).  {Seller.  1974) 

NO, 

2.0  X 10-* 

122 

0, 

4.5  X 10-' 

383 

Import  from  stratosphere  estimated 

at  900  MT/yr  [Danlelien  and 
htahnen.  1977) 

271 


Fig.  1 Predicted  equilibrium  vtluei  of  mcthine  concentration  at  a 
function  of  carbon  monoxide  input  into  the  atmotphe'e  The  numbers 
on  the  curves  indicate  the  concentiation  of  ' Oi  (in  ppb)  in  the 
unperturbed  atmosphere  containing  I 4 ppm  of  methane 


3.  Dtsci-SSION 


Fig  2.  Variation  of  OH  and  HO,  conccntraiior.s  as  functions  of 
NOi  concentrations  in  the  unpcrturM  atmosphere.  Nonce  that  at 
|NO,|,  increases,  |OH),  increases  at  first  and  then  decreases  while 
IHOij  decreases  monoionically  For  large  (NO)],  the  rate  of  (HOilt 
decrease  is  fatter  than  that  of  |OH],  resulting  in  a steady  incrcaK  in 
the  ratio  |OH)../|HO,|. 


The  critical  nature  of  the  assumed  background  NO,  concen- 
tration IS  manifested  also  in  the  hydroxyl  concentration  (OH|o 
calculated  in  the  unperturbed  model  As  can  be  seen  in  Table  3 
and  Figure  2,  [OH],  is  not  a linear  function  of  [NO,],  but 
passes  through  a maximum  Thus  calculated  CO,  CH„  and  H, 
lifetimes  pass  through  minima  as  functions  of  [NO,],. 

The  mean  hydroxyl  radical  concentration  and  its  variations 
in  the  troposphetc  have  been  extensively  discussed  in  recent 
literature  [Cewren  and  Fishman.  1977,  Liu.  1977,  and  refer- 
ences therein]  This  is  because  the  abundance  of  OH  radical  is 
important  for  the  removal  of  both  naturally  occurring  trace 
gases  as  well  as  those  released  by  anthropogenic  activity.  The 
hydroxyl  radical  is  probably  the  most  effective  cleansing  agent 
in  the  atmosphere,  and  understanding  its  atmospheric  inter- 
actions IS  important  Liu  [1977]  discussed  the  possibility  of 
increases  in  atmospheric  OH  concentrations  as  a result  of 
increased  NO  emissions.  Because  of  short  NO  and  NO,  atmo- 
spheric lifetimes  it  is  not  clear  if  increased  anthropogenic  NO 
emissions  W'ould  result  in  significantly  higher  NO,  concentra- 
tions 111  the  troposphere  as  a whole  However,  if  there  is  an 
increase  in  the  ambient  NO,  concentrations.  Figure  2 shows 
that  Liu's  result  would  obtain  at  low  levels  of  (NO,).  Further 
increases  in  NO,  concentrations  would  eventually  lead  to  a 
reversal  in  the  hydroxyl  concentration  response. 


Our  model  calculations  suggest  the  following  reasons  for  the 
variation  of  [OH],  with  respect  to  [NO,],  seen  in  Figure  2. 
There  are  two  major  removal  mechanisms  for  odd  hydrogen 
radicals  HO,  (HO,  - OH  + HO,  + 2H,0,).  One  is  the 
rainout  of  H,0, 

(R476)  H,0,  rainout;  - 1.15  X 10-*s-' 

and  the  other  is  conversion  to  nitric  acid  and  iu  rainout: 

(R24)  NO,-i^OH  " HNO,;A„-  1.14  x 10  " cu*  mol  ' r‘ 

(R306)  NO -I-  HO, -2  HNO,;*»,-  1.4X  lO'"  cm*  mol*' s'* 

(R47fl)  HNO,  rainout;  ' » 1.15  X 10‘*s*' 

NO  also  converts  HO,  to  OH: 

(R30o)  NO  -b  HO,  - NO,  + OH; 

hum  • 80  X lO"'*  cm*  mol"'  s'* 

When  [NO,],  is  very  small,  the  share  of  (R24).  (R30fi),  and 
(R47a)  in  HO,  removal  is  also  very  small  (sec  Table  4 for  rates 
of  removal).  Hence  a small  increase  in  [NO,],  decreases  the 
HO,  density  (and  therefore  HO,  density)  only  slightly.  Since 
increasing  |NO,]«  increases  [NO],  by  the  same  factor,  the 
conversion  of  HO,  to  OH  by  (R3te)  becomes  more  effective. 


TABLE  3 Results  of  the  Perturbation  Calculations 


IH.l. 

ppm 

(NO,l„ 

ppb 

ICH.l. 

ppm 

ICO). 

ppm 

lOH).. 
10  • 
ppb 

(OH). 
10  • 
ppb 

(HO,)., 

to  • 

ppb 

(HO,). 
10  * 
ppb 

(O,). 

pphm 

65  1 

0 005 

105  0 

156 

3.6 

0 047 

113 

13  7 

4.27 

5 3 

001 

92 

1 4 

39 

059 

II  2 

13  5 

4.53 

096 

0 I 

2 14 

0 32 

6.6 

4.3 

7 1 

102 

5.78 

056 

02 

1.50 

0 22 

66 

62 

39 

7.5 

6.15 

0 47 

0 23 

1.36 

020 

64 

6.5 

3.3 

6.9 

6.19 

0 15 

05 

0 72 

0 II 

4 1 

79 

1.0 

3.5 

623 

0 10 

10 

056 

ooa 

23 

57 

0 27 

1 2 

6.15 

0.29 

3.0 

091 

0 14 

OSS 

1 4 

0.035 

0 0S2 

536 

036 

5.0 

1 1 

0 16 

0 58 

0.76 

0014 

0 026 

5.10 

Subscript  rero  indicates  the  concentration  it  for  unperturbed  atmosphere  in  which  |CH,L  ■ I 4 ppm. 
[CO],  - 0 125  ppm.  (0,1,  ~ 45  pphm.  and  (H,),  >05  ppm  Concentrations  without  subscripts  are 
obtained  when  the  CO  flux  into  the  atmosphere  it  doubled 
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TABLE  4.  SRniiiiviiy  of  HO.  lo  NO,  in  the  Unperturbed  Model 


Small  (NO,). 

Large  (NO,:. 

(NO,).  • 0.005  ppb 

(NO,),  ■ 0.01  ppb 

(NO,),-0  5ppb 

(NO,),  - 1 ppb 

HO,  Concentration, 
ppm 

2 8X  10  • 

2.7  X l0-‘ 

2.2  X 10  • 

20X  lO  * 

HO,  Removal  Rate 
Due  to  (RI4). 
pp  'min  ‘ 

6.9  X 10  • 

69x  10  • 

66X  10* 

5.9  X l0-‘ 

HO,  Removal  Rate 
Due  to(RI5>- 
(RI7).ppm' 
min  ' 

1 5x  10  • 

3.3  X 10  • 

1 3x  10-’ 

1.6  X 10  ‘ 

OH  Cuncentrition, 
ppm 

3.6  X 10  • 

3.9  X 10  • 

4.1  X 10* 

23X  I0-* 

Note  that  Tor  tmall  NO,  concentraliont.  increasinf  (NO,),  by  a factor  of  2 results  in  a very  small 
decrease  in  HO,  conceniraiion.  and  therefore  |OH|  increases  because  of  |RI8)  The  reverse  is  true  for 
large  NO,  concentraliont 


and  a net  increment  in  the  OH  concentration  results.  This 
behavior  is  reversed  in  the  regime  of  large  [NO,],  Removal 
through  (R24),  (R30b),  and  (R47)  is  t:ie  dominant  HO,  sink 
and  a small  increase  in  (NOtj.  results  in  a significant  decrease 
in  HO,  densities.  This  decrease  is  so  large  that  a net  reduction 
in  OH  concentration  results  in  spue  of  (K30a).  Note  also,  as 
shown  in  Figure  2,  that  HO,  • jncentration  is  a decreasing 
function  of  (NO,],.  For  large  values  of  NO,  concentration  the 
rate  of  decrease  of  HO,  exceeds  that  of  OH  so  that  the  ratio 
(OHy[HO,j,  remains  an  increasing  function  of  (NO,j, 

Although  we  have  not  earned  out  a time  dependent  calcu- 
lation. these  results  on  OH  concentrations  show  that  the  time 
Kales  of  the  CO-CH,  perturbation  also  depend  on  the  NO, 
background  concentrations 

4.  CONCltSION 

Our  calculations  indicate  that  changes  in  the  tropospheric 
concentrations  of  CH,  (and  other  species  such  as  CO.  OH  H,. 
O,.  etc  ) due  to  variation  in  the  CO  input  into  the  atmosphere 
depend,  both  in  magnitude  and  sign,  on  thg  concentrations  of 
NO  and  NO,  Knowledge  of  the  tropospheric  distributions  of 
nitrogen  oxides  is  therefore  critical  for  studying  the  effects  of 
changes  in  the  CO  flux  Measurements  of  NO,  at  different 
locations  have  yielded  large  differences  in  its  concentrations 
{Ackerman,  1975.  Soxon.  1975;  McElroy  and  Kerr.  1977]  Un- 
less there  are  systematic  errors  in  some  of  thex  measurements, 
we  can  conclude  that  NO,  distribution  in  the  troposphere  is 
highly  nonhomogeneous  The  results  presented  in  this  paper 
then  indicate  that  the  effects  of  CO  fluxes  into  the  atmosphere, 
being  controlled  by  amoient  NO,,  proceed  differently  at  differ- 
ent locations  BecauK  this  modulation  by  NO,  mikes  the 
impact  of  CO  fluxes  on  OH  and  other  species  concentrations 
nonlinear,  an  evaluatiois  of  the  global  impact  of  increasing  CO 
input  into  the  atmosphere  should  take  account  of  the  nonuni- 
formity  in  NO,  distributions. 

Furthermore,  it  has  been  suggested  that  becauM  of  an- 
thropogenic CO  fluxes,  the  preKnt  concentrations  of  methane 
and  molecular  hydrogen  may  be  substantially  larger  than 
thoM  prevailing  in  the  pre  industrial  era  [Crvi:en  and  Fishman. 
1977]  The  results  preMnted  in  this  paper  show  that.  becauM  of 
the  NO,  rc'ationship  with  the  CO-CH,  coupling,  this  con- 
clusion IS  not  necessarily  correct  In  order  to  deduce  r'^- 
industrial  concentrations  of  CH,  and  H,  from  photochemual 
calculations  we  would  have  tr  know  the  NO,  concentration 
distribution  at  that  time.  This  would  require  estimates  of  NO, 


production  rates  in  the  biosphere  and  in  lightning  diKharges 
at  the  time  in  question. 

Afkno»lrJgii)rm  This  research  was  supported  in  part  by  NASA 
grant  NSC  5102  to  Slate  University  of  New  t ork  at  sieny  Brook 
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Abstract . We  have  constructed  a vertically  and 
tonally  averaged  model  of  the  troposphere  which 
calculates  pbotochtmical  Interactions  and  diffu- 
sive North-South  transport  of  trace  species.  The 
siodel  can  be  used  to  calculate  the  latitudinal 
distribution  of  Che  source  function  of  a species 
if  its  concentration  distribution  it  known.  We 
have  applied  this  procedure  to  carbon  monoxide 
and  fin.1  large  sources  outside  the  induitriallted 
belt  in  the  Northern  Kenispnere. 

Introduction 

Carbon  skonoxide  is  produced  in  the  troposphere 
by  large  natural  and  anthropogenic  aoutcea.  The 
source  due  to  fossil  fuel  burning  has  been  cati- 
mated  to  be  640  KT/yr.  by  Sejier  (1974,  197S). 

The  existence  of  large  natural  sources  of  CO  was 
deduced  by  Weinstock  ard  Niki  (1972)  by  a budget 
analysia  of  radiocarbon.  Since  then,  oxidation 
of  methane  by  hydioxyl  radicals  has  been  widelv 
accepted  as  such  a source.  Photochemical  moitl 
calfulatlons  g<we  magnitudes  of  CO  production 
ftom  methane  ranging  from  300  to  800  MT/yr.  de- 
pending upor  the  concentration  of  OH  in  the 
particular  model  isee  e.g.  Chameides  and  Cicerone, 
19 ’8;  Crutien  and  Fishman.  1977;  Haraeeii  et  al . 
1979).  Oxidation  of  non-methane  hydrocarbons  in 
the  atmosphere  has  also  been  suggested  as  a sig- 
nificant source  of  CO.  Chameides  and  Clcerrne 
(1978)  calculate  this  source  to  be  220  KT/y.” 
Zimmerman  et  al.  (1978)  estimate  this  source  to 
be  420  to  1330  MT/yr.  and  attribute  it  to  oxi- 
dation of  isoprene  and  terpenes.  In  this  paper, 
we  estimate  the  total  CO  source  and  its  latitu- 
dinal distribution  required  to  maintain  the  ob- 
served CO  concentration  di -.tribution  by  a model 
calculation  of  photochemical  I'teractions  and 
transport  in  the  'rop'/sphere.  Our  results  show 
that  large  natural  sourcca  of  CO  exist,  especially 
in  tropical  latitudes.  These  sources  are  in 
addition  to  methane  oxidation  which  we  explicitly 
calculate. 

Model  Calculations 

The  zonally  and  vertically  averaged  annual 
mean  aixing  ratios,  Cj^,  for  the  species  i,  arc 
obtained  from  numerical  solution  of  the  contin- 
uity equations  (Creplak  and  Jungc.  1974): 

Id)  K(p)  (1-u*)  d C,  1 + 1 Mu)  (1-u*)  • 

S’  du  L du  J F h(M) 

Copyright  1979  by  tha  American  Geophysical  Union. 


dh  dCj  --  P.  (C.,...C....C„)  ♦ Q,  (p)  - C.  • 
dp  dp  * IN  1 i 

(C^,...C^...C^)  ♦ (p)  J - 0,  i - 1. 

2 H (13 

tdterc  |j  • sin  0,  6 is  latitude.  K is  the  north- 
south  diffusion  coefficient,  h is  the  tropopauac 
height  and  R is  earth's  radius.  The  photochemi- 
cal production  and  destruction  rates  for  species 
1 are  P^  and  L^  respectively  and  depend  on  the 
concentrations  of  other  species.  Those  sources 
and  isinks  tdrich  are  not  computed  from  photochemi- 
cal interactions  of  are  denoted  by  Qj 

and  S|,  respectively.  Examples  of  these  are 
anthropogenic  emissions  and  destruction  by  cc.t' 
tact  with  earth's  surface. 

The  set  of  coupled  equations  (1)  is  solvet 
numerically  by  iteration  w»th  th»  boundary  c,  i- 
ditions  that  the  flux  of  each  species  at  the 
poles  is  tero.  The  region  of  integration  is  di- 
vided into  18  boxes  centered  at  83°S,  73^9  - - 
- - 75®N,  85°N.  If  the  source  and  sink  func- 
tions Q^(p)  and  are  known,  equations  (1/ 

can  be  solved  for  the  steady  state  concentra- 
tions C^.  Howev'i.-,  if  the  latitudinal  distri- 
bution of  the  ctinctntrslion  of  a species  has 
been  measured  and  its  sinks  can  be  estimated, 

L.re  equation  c.m  be  used  to  compute  the  source 
function: 

Q,(P)  ■ fg  f Lg  ♦ sj  - Pi  - 1 d 

4 -7  R'  dp 

K(l  p*)  dC,  1 + 1 It  d-p’)  ^ ^ 

dp'  R^  h dp  dp 

^ (2) 

Tne  CO  mixing  r.xtlr  a.\  a function  of  latitude 
has  been  acssured  over  the  Arlantic  and  Pacific 
Oceans  Ly  i'etler  (7.S73)  to  an  accuracy  of  1 ppb. 
The  verticailv  and  tonally  averaged  CO  mixing 
ratios  givtn  by  Seller  are  used  here  to  compute 
the  CO  source  function  using  equation  (2). 

The  calculations  are  performed  for  annually 
avcrsgtd  conditioi.a.  The  trop' pause  height  in 
the  model  varies  from  8 k.x,  at  the  poles  to  16 
km.  at  the  aquatcr.  The  north-. outh  diffuaivity 
coefficient  K is  taken  free  cv  ve  lb  o f Pig.  1 
of  Cteplgk  and  lunge  (1974).  It  la  ba<td  on 
winj  variance  data  from  Vawell  et  al.  (1972). 

The  dlffualv  ’.y  functior,  has  a maximum  at  35* 
latituda  (3.7  x lO'*  cm*  see"')  and  ira  value 
at  the  equator  is  1.9  x lo"  cm*  stc'*,  K is 
taken  et  the  sane  for  th*  two  henispherea.  The 
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Fig.  1.  Distribution  of  CO  sources  in  addition 
to  methane  oxidation  required  to  maintain  the 
observed  CO  concentration  distribution  accord- 
ing to  Model  A (top)  and  Model  B (bottom).  OH 
concentrations  in  Model  B are  generally  twice 
those  in  Model  A. 

set  of  photochemical  reactions  used  in  calcu- 
lating production  and  loss  terns  and  are 
those  given  in  Tables  la  and  lb  of  Hameed  et  al. 
(1979).  These  reactions  represent  the  inter- 
actions between  and  Oj^  species  and  those 

derived  from  oxidation  of  methane  and  water  va- 
por. Other  hydrocarbons  are  not  considered. 
Ihlues  of  reaction  rates  have  been  updated, 
according  to  the  recommendations  of  Demore  et  al. 
(1979).  The  rates  of  photolysis  reactions  were 
calculated  taking  into  ac/'ount  ozone  absorption, 
Kayleigh  scattering,  aerosol  scattering,  ground 
albedo  and  mean  cloud  amounts  as  functions  of 
latitude  (Matloff  and  Stewart.  1979).  Measured 
mixing  ratios  of  methane  (1.6  ppm  in  the  South- 
ern Hemisphere  Increasing  to  1.7  ppm  in  the 
Northern  Hemisphere),  hydrogen  (0.5  ppm  every- 
where) and  ozone  (Wilcox  and  Belmont,  1977)  are 
also  prescribed  in  the  model  and  their  sources 
computed  in  the  same  way  as  the  CO  source  re- 
ported here.  The  emission  of  as  a function 
of  latitude  is  chosen  so  that  the  calculated 
mixing  ratios  of  nitric  acid  are  in  agreement 
wl.h  the  measurements  of  Huebert  and  Lazrus 
(1979)  for  the  free  troposphere. 

The  source  strength  Q depends  upon  the  model 
values  of  K and  the  chemical  production  and  de- 
struction terms.  The  latter  are  proportional 
to  OH  concentrations  wlilch  are  sensitive  to 
some  poorly  determined  variables  such  as  ambi- 


ent NO^,  0.  and  water  vapor  concentrations  and 
the  photo.lysls  rate  of  0.  to  0(1D).  It  has 
been  suggested  by  Sineh  et  al.  (1979)  that  ob- 
served concentrations  of  methyl  chloroform  arc 
consistent  with  OH  concentrations  which  are  sig- 
nificantly lower  than  model  predictions.  Due 
to  this  uncertainty  we  consider  two  versions 
of  our  model  to  estimate  the  CO  source  strength: 
Model  A in  which  temperature,  water  vapor  den- 
sity and  ozone  are  prescribed  appropriate  to 
the  mean  density  level  in  each  latitudinal  zone, 
and  Model  B in  which  these  quantities  are  given 
vertical  mean  values  in  each  zone.  In  each 
case  water  vap>or  and  temperature  data  for  the 
Northern  Hemisphere  are  taken  from  London  (1957) 
and  the  corresponding  numbers  for  the  Southern 
Hemisphere  are  estimated  from  Van  Loon  et  al. 
(1972).  Bepresentatlve  OH  concentrations  (in 
10*  molecules/cm’)  for  Model  A are:  0.36  at  6S°S, 
1.3  at  3S“S,  1.2  at  5®$,  1.5  at  5®H,  0.95  at  35®H 
and  0.12  at  65**M.  For  Model  B:  0.72  at  65°S,  2.9 
at  35®S,  2.1  at  5®S,  2.3  at  5°N,  1.8  at  35®N  and 
0.34  at  65*^N.  OH  concentrations  in  Model  B are 
larger  mainly  due  to  higher  prescribed  water  va- 
por concentrations.  The  calculated  source  func- 
tions for  these  two  models  are  shown  in  Figure  1. 
They  show  large  emissfons  in  the  tropical  regions 
and  distinct  peaks  at  55°N,  5°N,  15°S  and  35  S, 
instead  of  one  peak  usually  expected  for  the  CO 
source  function  (Seiler  1974).  The  dashed  lines 
in  the  figure  give  the  predicted  source  strengths 
when  K is  multiplied  by  0.64.  The  diffusion  co- 
efficient is  represented  by  the  formula  K a~'o* 
where  0 is  the  variance  of  the  meridional  wind 
component  and  a is  a constant.  Czeplak  and  lunge 
(1974)  used  o • 2.4  x 10**  sec**  while  Newell  et 
al.  (1972)  took  o • 3.75  x 10"*  sec*'.  Thus  the 
dashed  lines  give  the  result  for  the  value  of  o 
preferred  by  Newell  et  al. 

The  following  processes  determine  the  budget 
of  CO  in  a latitude  zone  in  our  calculations. 

1.  Oxidation  of  CH^  by  OH  which  leads  to  re- 


actions 

(la)  H2CO  ♦ photon  ■ CO  + M2,  with  latitude 
dependent  photolysis  rate. 


(lb)  HCO  + 0 


CO  + HO, 


lb 


5 X 10* 


2. 


cm  sec 

Destruction  due  to  reaction  with  OH: 


CO  + OH  - CO2  + H;  k • 1.35  X 10" '*(1  4 M/Mo) 
cm*  sec*',  where  H is  the  vertical  mean  density 
and  Mo  is  density  at  surface  level. 

3.  Transport  to  and  from  other  latitudes  due 
to  X :idional  fluxes  in  equation  (2). 

4.  Destruction  by  contact  with  earth's  sur- 
face. The  race  of  loss  is  estimated  from  Seiler 
and  Schmidt  (1974). 

5.  The  source  function  Q,  to  be  determined  by 
balancing  the  sum  of  the  contributions  of  the 
other  four  processes. 

The  calculated  values  of  these  contributions  to 
the  CO  budget  according  to  Model  A are  shown  in 
Table  1 in  units  of  millions  of  tons  per  year. 

The  second  column  gives  the  measured  mean  tro- 
potpherlc  mixing  ratio  (Seiler.  1975)  and  the 
last  column  gives  the  net  source  Q of  CO  re- 
quired to  maintain  this  mixing  ratio.  The  last 
but  one  column  lists  the  net  gain  of  CO  in  the 
latitude  zone  due  to  transport.  We  note  chat  , 
the  four  latitudes  where  the  corputed  Source 
function  has  sharp  peaks  are  net  exporters  of 
*C0.  This  behavior  is  determined  by  the  gradi- 
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TABLE  1.  Contrlbutlont  to  tht  carbon  ponoxlde  budget  for  Model  A In  MT/yr. 


i 


CO  Production  froB  Methane  Chcnlcal  Los*  Loss  *t  Cain  by  Net  Source 

Latitude  Concentration  (Reat.(la)  Reac.(lb)  Reaction  Earth’s  Surface  Transport  Q 
(ppn)  with  OH 


85“S 

0.055 

.'4 

.2 

75“S 

0.056 

1 

.7 

65®S 

0.059 

3 

2 

55°S 

0.061 

7 

5 

*5“S 

0.064 

16 

14 

35®S 

0.072 

29 

29 

25®S 

0.076 

31 

29 

1S°S 

0.096 

3* 

30 

5“S 

0.104 

37 

33 

5°H 

0.118 

44 

46 

15°N 

0.116 

4C 

38 

25°N 

0.125 

33 

49 

35°N 

0.134 

26 

23 

45°N 

0.143 

13 

9 

55®N 

0.154 

6 

4 

65°N 

0.151 

2 

1 

75°N 

0.150 

.7 

.4 

85°N 

0.149 

.2 

.1 

TOTAL 

323 

313 

TOTALS 

for  Model  B 

542 

839 

enis  of  the  measured  CO  distribution.  We  also 
note  that  the  total  of  this  column  is  - 50  MT/yr. 
(it  should  be  rero) . This  represents  3 per  cent 
of  the  tJtal  CO  mass  transported  and  is  a measure 
of  numerical  error  in  our  finite  difference  scheme. 
When  we  multiply  K by  0.6*  (dashed  lines  in  the 
figure)  entries  In  this  column  are  multiplied  by 
0.6*  Thi.s  results  in  a anre  evenly  distributed 
source  function  Q. 

We  see  that  according  to  Model  A the  total 
source  in  addition  to  siethane  is  2797  MT/yr. 

Model  B gives  4933  MT/yr.  for  the  total  source. 

Conclusions 

"^e  anthropogenic  sources  of  CO  are  estimated 
to  be  640  MT/yr.  due  to  fossil  fuel  burning  and 
60  MT/yr.  dte  to  non-fossil  fuel  burning  (Seiler. 
1974,  1575).  These  are  located  mostly  in  the 
industi  ■■  al  1 red  regions  between  25  N and  55  K. 

Our  estimated  sources  at  these  latitudes  are  in  • 


-3 

0 

3 

-1 

-10 

0 

19 

-U 

-22 

-2 

13 

6 

-50 

-0.4 

45 

-7 

-105 

-2 

150 

-73 

-196 

-10 

-106 

254 

-214 

-19 

161 

12 

-269 

-23 

-181 

409 

-315 

-27 

15 

257 

-460 

-30 

-82 

482 

-398 

-34 

121 

233 

-358 

-50 

56 

270 

-271 

-66 

27 

261 

-138 

-81 

19 

178 

-80 

-82 

-362 

514 

-21 

-37 

c'46 

9 

-9 

0 

3 

5 

-2 

0 

3 

-1 

-2921 

-463 

-50 

2797 

-5800 

-463 

-50 

4933 

excess  of  Seller's  estimates  of  ant nropogenic 
sources  and  point  to  possible  presence  of  natural 
CO  sources  in  this  region.  The  peaks  at  55  N in 
the  source  functions  in  Hg.  1 are  indicative  of 
this  because  the  anthropogenic  source  should  have 
a maximum  at  lower  latitudes.  Me  find  even  lar- 
ger sources  in  the  equatorial  regions  and  thest, 
clearly,  should  be  due  to  some  natural  processes. 
Recently,  Eimmerman  et  al.  (1978)  have  pointed 
out  a hitherto  unrecognized  large  source  of  car- 
bon monoxide  in  the  oxidation  of  heavy  hydrocar- 
bons (ether  than  methane)  which  are  released  by 
vegetation.  Based  or.  data  in  the  Uiited  States, 
they  have  estimated  the  inventory  of  isoprene 
and  terpenes  and  calculate  CO  production  from 
the  oxidaticn  of  these  species  to  be  between  420 
and  1330  MT/yr.  Cham.eldes  and  Cicerone  (1978) 
have  Suggested  significant  sources  of  atmospheric 
CO  due  to  the  oxidation  of  other  hydrocarbons. 
These  calculations  are  in  general  agreement  with 
our  conclusion  of  the  existence  of  large  non- 
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aethanc  natural  sourcat  of  CO.  Our  model  calcu- 
lations indicate  the  latitudinal  distribution  of 
such  sources. 
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COMPARISONS  OF  GLOBAL  OZONE 
TRENDS  INFERRED  FROM  THE 
BUV  EXPERIMENT  ON  NIMBUS  4 AND 
THE  GROUND  - BASED  NETWORK 

D.  F.  Heath 
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Preliwinarv  oonDarisons  between  globed,  ozone  burdens  derived  fron  the  BacK- 
scittered  Ultraviolet  (BUV)  es^riitient  on  Nijmbus  4 and  those  Inferred  fron  an 
analysts  of  ground-based  netvrorlt  data  seem  to  inaicate  significant  differences 
in  the  inter-annual  variability  of  ozone.  A study  is  made  of  the  reasons  for  the 
differences.  Some  of  the  observed  differences  may  by  due  to  inproper  weighting  of 
the  groundbased  networ)<  data,  slowly  chcuiging  planetary  wave  structure  over  the 
fixed  station,  of  small  interarr.ual  changes  in  meridional  traiSiXirt  >>a;*ar.Teters. 
There  is  also  seme  evidence  which  indicates  that  the  polar  stratosphere  at  liigh 
latitudes  nay  represent  an  inportant  ozone  storage  resevoir  which  tends  to 
cxxTpensate  for  large  scale  changes  observed  in  the  regiora  outside  of  the  polar 
stratosjhere.  Pcsssible  consequences  of  this  are  that  the  global  trends  derived 
from  ground-based  ozone  measurements  may  not  be  valid  and  furthermore  that  the 
current  satellite  techniejues  by  thanselves  may  not  be  sufficient.  An  ozone  moni- 
toilng  system  which  includes  ctoservations  frem  satellites,  ground-based  stations, 
balloc^ns  and  roclcets  may  be  nec:essary. 
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Barry  M.  Schlesincer 


Systtmt  arid  ApfUtd  Sennets  Corporatton,  Rhtrdalt,  tdaryiand  208*0 

Tb«  flnt  2 yean  of  beckscettettd  uUnviolet  (BUY)  ozoae  dtu  ftam  the  Nimbus  4 ipsceenft  hive 
beta  processed  to  s more  reflaed  level.  The  seasonal  variauoas  of  total  otont  for  the  penod  April  1970  to 
April  1972  are  deaenbed  uain|  daily  means  for  10*  latitude  zones  and  a time-lautude  cross  seaion.  la 
additioa.  the  BUV  dau  arc  compart  with  analyzed  Dobson  dau  and  with  utfrand  interferometer  spcc- 
trometcr  data  also  obtained  from  the  Nimbus  4 spacecraft  A harmonic  analysu  wu  performed  on  the 
daily  tonal  means.  Amplitudes,  days  of  peak  ozone  values,  and  pcrcanta|c  of  variance  have  been  com- 
puted for  the  annual  and  semiannual  waves  and  for  higher  harmonics  of  an  annual  penod  for  the  2 yean. 
Asymmetnes  ate  found  in  the  annual  waves  in  the  two  hemispheres,  with  a subtle  interaiinual  diflerence 
which  may  be  due  to  changes  in  the  general  ciiculation.  A signiftcani  semiannual  component  is  detected 
in  the  tropics  for  the  Ant  year.  This  component  sppean  to  result  from  inBuences  of  the  annual  waves  m 
the  two  hemispheres.  A search  for  shorter  penods  using  the  harmonic  analysis  revealed  no  pcnodicity 
whose  amplitude  was  higher  than  the  noise  level 
Introduction 


The  total  column  amount  of  atmospheric  ozone  has  been 
observed  trom  the  ground  for  several  decades  from  stations 
sparsely  scattered  around  the  earth.  These  early  observations 
were  made  because  it  seemed  that  total  ozone  acts  as  a tracer 
of  lower  stratospheric  motions.  Moreover,  the  vertical  distn- 
bution  of  ozone  is  imponant  to  the  radiative  balance  of  the 
stratosphere  because  of  its  strong  absorption  in  the  ultraviolet 
and  iu  emission  in  the  infrared.  Recent  interest  in  strato- 
spheric ozone  has  been  aroused  because  of  possible  depletion 
by  anthropogenic  activity,  which  results  from  catalytic  agents 
leachuig  the  stratosphere.  A columnar  reduction  in  ozone  will 
allow  increased  solar  ultraviolet  radiation  to  reach  the  earth's 
surface  and  would  likely  affect  the  biosphere.  An  indirect  re- 
sult of  ozone  depletion  may  be  a change  m the  climate  be- 
cause of  radiative  coupling  between  the  troposphere  and  the 
stratosphere. 

A concise  summary  of  the  global  vanaiions  in  the  total 
amount  and  vertical  distnbution  of  ozone  is  given  by  Dtitseh 
(1974],  derived  mainly  from  ground-based  data.  Although  a 
fairly  accurate  description  of  the  seasonal  and  latitude  varia- 
tions is  given,  he  feels  that  the  ground  observing  network  is 
not  adequate  for  a synoptic  representauon  of  ozone  for  tracer 
studies  or  monitoring  global  ozone  trends.  London  tt  oL  ( 1976] 
have  constructed  hemispheric  maps  of  monthly  mean  ozone, 
using  all  of  the  available  total  ozone  dau  from  the  Dobson 
network  from  1957  to  1967.  These  data  cover  nearly  a decade 
and  could  be  used  for  determimng  interannual  vanaiions.  ex- 
cept m the  southern  henusphere,  where  there  are  too  few  ob- 
serving sutions.  Global  ozone  trends  have  been  determined 
by  AngtU  and  Korshover  [197S]  from  the  ground-based  obser- 
vations and  then  compared  to  other  geophysical  phenomena 
which  could  affect  the  stratosphere.  Ozone  trends  have  been 
modeled  by  Ptnntr  and  Chang  [I97g],  who  found  the  .Angell 
and  Konhover  analysis  to  be  consutent  with  modeled  vana- 
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tions  of  solar  flux  due  to  the  1 l-year  solar  cycle.  Multi- 
dimensional photochemical-dynamical  models  can  now  pre- 
dict the  seasonal  global  distnbution  of  ozone.  Although  these 
models  to  some  degree  use  basic  dynamic  vanables.  they  are 
normally  venfied  by  comparing  the  model  results  to  the  obser- 
vations. 

The  quality  of  the  observations  suffers  because  of  their  poor 
distnbution  over  the  globe.  In  addition,  the  ground  stations 
have  not  been  intercalibraied  in  the  past.  The  backscattered 
ultraviolet  experiment  (BUV)  on  Nimbus  4 has  provided 
ozone  measurements  with  nearly  global  coverage  and  an  ac- 
curacy comparable  to  that  of  a well-calibrated  Dobson  sta- 
tion. This  paper  wUl  present  an  accurate  descnption  of  the 
seasonal  and  mterannual  venations  of  total  ozone  over  a 2- 
year  penod  as  denved  from  the  satellite  measurements.  .An 
accurate  descnption  of  the  global  seasonal  venations  is  im- 
portant for  detecting  ozone  trends  and  recognizmg  n'ln- 
penodic  phenomena  that  may  be  associated  with  transient 
events,  such  as  straiosphenc  warmings  and  geomagiietic  activ- 
ity. In  addition,  saielliie  data  should  be  used  to  verify  models, 
since  these  observations  are  more  globally  representative. 

The  analysis  of  the  satellite  ozone  data  performed  in  this 
paper  is  in  terms  of  zonal  means,  since  a time-varying  globally 
distnbuted  vanable  can  be  conveniently  dcscnbed  in  this 
manner  This  is  panicularly  appropnate  for  total  ozone,  since 
It  IS  a strong  function  of  season  and  latitude.  The  next  section 
reviews  the  spacecraft  measurement.  This  is  followed  by  a dis- 
cussion on  the  procedure  used  in  formmg  the  zonal  means 
and  the  applicanon  of  the  harmonic  analysis  for  describing 
the  seasonal  variations.  The  BUV  data  are  then  compared  to 
similar  data  from  the  infrared  interferometer  spectrometer 
(Ins),  also  flown  on  Nimbus  4.  They  are  also  compared  to  the 
analysis  of  Dobson  network  data  for  the  same  penod.  pre- 
sented in  the  form  of  a tune-latitude  cross  section.  The  last 
section  deals  with  a descnption  of  the  seasonal,  mterannual. 
and  shorter  vanations  detected  by  the  BUV  as  denved  from 
the  harmonic  analysis  of  the  zonal  mean  dau. 
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the  fint  2 years.  The  comparability  of  BUY  and  the  Dobson 
network  from  1972  to  1977  is  under  tnvesti|ation  by  the  au- 
thors. 

The  first  2 years  of  total  ozone  data  discussed  here,  covering 
the  penod  Apnl  1970  to  April  1972,  contain  about  300,000  to- 
tal ozone  values  per  year.  The  Nimbus  4 orbital  parameters 
and  the  BUY  instrument  desenption  are  detailed  in  the  Sim- 
bus-4  Users  Guide  [Simbus  Project,  1970].  There  are  about  13 
orbits  per  day,  w,th  successive  crossings  of  the  equator  sepa- 
rated by  27'*  in  longitude.  The  total  ozone  measurement  is 
limited  to  between  8 1 ” nonh  and  south  and  to  a maximum  so- 
lar zenith  angle  of  8S.7*  The  orbit  is  sun  synchronized  so  that 
the  nonhward  equator  crossmg  occun  near  local  noon.  At 
high  latitudes  the  observations  approach  the  mommg  termi- 
nator m the  nonhem  hemisphere  and  the  evening  termmator 
in  the  southern  hemisphere.  Figures  Id  and  \b  are  typical  cov- 
erage maps  for  1 week  of  data  in  Apnl  and  October,  where 
each  spot  indicates  a measured  ozone  value.  These  figures  will 
be  referred  to  again. 

The  BUY  measurement  scheme  has  been  previously  de- 
senbed  by  Mateer  tt  aL  [1971]  and  is  bnefly  summarized  here. 
The  mstrument  contains  a monochromator,  which  sequen- 
tially scans  12  narrow  wavelength  bands  m a region  between 
250.0  and  340.0  nm,  and  a photometer  fixed  at  380.0  am.  Both 
instruments  measure  the  backscattered  and  reflected  eanb 
radiances  m the  nadir  and  have  an  instantaneous  field  of  view 
of  about  200  km  on  the  earth's  surface.  Total  ozone  is  denved 
from  a measurement  of  the  solar  irradiaoce.  the  radiances  at 
312.5,  331.2,  317  5.  and  339.8  am  backscattered  in  he  tropo- 
sphere which  are  attenuated  by  the  ozone  layer,  and  the  efliec- 
tive  surface  reflectance  determined  from  the  photometer.  The 
measured  backscattered  radiances  are  compared  to  those 
computed  from  21  standard  ozone  profiles  compiled  from 
rocket  and  balloon  soundmgs  [HUsenrath  et  al..  1977],  .A  total 
ozone  value  can  then  be  obtained  from  the  table  of  pre- 


MEASURE.MENT 

The  Nimbus  4 spacecraA  was  launched  April  8.  1970.  car- 
rying the  BUY  spearometer  for  measurements  of  the  colum- 
nar amount  of  ozone  and  the  vertical  distribution  above  30 
km.  The  BUY  contmued  to  operate  until  October  17,  1977, 
when  it  was  turned  oB  because  of  insufficient  spacecraft 
power.  Results  based  on  the  mitial  data  were  reported  by 
Kruefer  (1974),  CA<z:i  [1976],  and  others.  These  early  analyses 
used  existug  instrument  calibrations  and  orbital  engineenng 
data.  At  that  tune  the  satellite-measured  total  ozone  values 
were  adjusted  to  the  Dobson  measurements  by  using  a linear 
regression  relationship  developed  from  direct  comparison  of 
BUV-measured  values  and  Dobson  values.  Because  of  the  re- 
cently recognized  importance  of  the  BUY  dau  set  a task  was 
uutiated  to  reprocess  the  data  and  to  contmue  processing  the 
available  data  until  the  time  that  the  instrument  was  turned 
o8.  The  reprocessing  activity  mciuded  the  following  proce- 
dures: esublishment  of  a primary  dau  base  with  screened, 
earth-located,  and  calibrated  dau  for  conversion  to  radiance 
values;  improvement  of  the  algorithms  for  processing  the  pri- 
mary dau  base  of  radiance  values  to  ozone  values;  and,  fi- 
nally. validation  of  the  dau  to  provide  a consistent  ozone  dau 
base.  Details  on  utellite  coverage,  data  quality  checks,  al- 
gorithm improvements,  error  analyses,  and  validation  meth- 
ods will  be  published  elsewhere. 

The  comparability  of  BUY  with  the  Dobson  network  has 
been  extensively  analyzed  by  Miller  et  oL  [1978]  and  Fteif  et 
oL  [1978].  In  a direct  companson  of  the  AD  wavelength  pair, 
direct  sun  Dobson,  and  BUY  over-flight  values  within  2*  of 
the  sution.  they  obtaued  a correlation  coefficient  of  0.95  and 
an  average  dilTerence  of  12  Dobson  uniu  (DU),  with  Dobson 
higher  for  the  first  2 yean  of  operation.  The  change  in  the 
BUV-Dobson  diflierence  over  the  2 years  -.s  about  2 DU.  or 
less  than  1%.  mdicaiug  a high  degree  of  subility  in  the  space- 
borne  mstrument  relative  to  the  ground-based  network  over 
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oompattd  values  coaiainini  solar  ztiiith  anfla  depeadtoct 
aad  reflactaoce. 

Procedure 

The  latitude  tones  over  which  the  averafe  ozoac  is  calcu- 
lated are  centered  at  the  equator  and  are  at  10*  intervals  to- 
ward the  pole.  Because  of  the  hi(b-latitude  limit  of  the  utel- 
lire  the  highest-latitude  zones  are  for  7S*-8S*  in  each 
hemisphere.  For  each  zone  a daily  mean  it  calculated  by  aver- 
agiag  all  ozone  values  given  by  the  satellite  for  the  given  lati- 
tude mage.  Typical  standard  deviations  of  these  means  range 
from  10  DU  near  the  equator  to  50  DU  at  high  latitudes. 
These  standard  deviations  reflea  primarily  the  low  meuure- 
ment  variability  at  low  latitudes  and  the  larger  variations  with 
longitude  at  high  latitudes.  Zonal  means  are  based  upon  ap- 
proximately SO  measurements  per  day. 

For  the  two  highest-latitude  zones  in  each  hemisphere,  cov- 
ering 63*-83*  in  latitude,  ozone  values  arc  not  available  dur- 
ing winter,  when  the  zone  has  a 24-hour  night  Because  a har- 
monic analysis  cannot  be  carried  out  accurately  when  there 
are  large  gaps  in  the  data,  an  estimate  of  the  daily  zonal 
means  at  the  highest  latitudes  during  this  period  is  derived  by 
extrapolation  from  lower-latitude  zonal  means.  The  extrapo- 
lation from  lower  latitudes  is  based  on  the  behavior  of  high- 
latitude  ozone  during  those  periods  when  measurements  are 
available.  The  extrapolation  procedure  is  as  follows:  When 
ozone  values  and  Q,  are  available  for  zones  j - 1 and  j, 
respectively,  but  no  value  is  available  for  zone  j I,  the  esti- 
mated value  for  zoney  I is  given  by 

Q^,  - max  {0.96(Q,  -t-  (0,  - 0.950,}  (1) 

Because  some  ozone  values  are  extrapolations,  results  for  the 
zones  centered  at  70*  and  80*  should  therefore  be  considered 
estimates. 

The  daily  zonal  means  for  each  of  the  17  latitude  zones 
have  been  converted  uuo  tune  senes,  and  a harmonic  analysu 
has  been  cooduaed  separately  for  each.  Amplitudes,  days  of 
peak  ozone,  and  the  percentage  of  variance  have  been  com- 
puted for  each  harmonic.  The  first  50  harmonics  of  a 1-  '.  ar 
(365.24-day;  penod  have  been  computed  for  the  365-day  peri- 
ods April  10.  1970.  to  April  9.  1971,  and  April  10,  1971  to 
April  8,  1972.  Also,  the  fim  50  harmonics  of  a 2-year  (730.48- 
day)  penod  have  been  computed  for  the  mtcrval  April  10. 
1970  to  April  8.  1972.  These  are  the  first  730  days  for  which 
data  are  available  from  Nimbus  4 BUV. 

In  a harmonic  analysis  the  ozone  Q(r)  is  expressed  in  the 
following  form: 

an-(Q>-f  s c.cosj^-ea.j  (2) 

where  (Q>  represents  the  mean  value,  C.  the  amplitude  for 
harmonic  m,  e«  its  phase,  and  T the  penod  corresponding  to 
the  first  (fiindamental)  harmonic.  The  peak  day.  or  the  day 
when  ozone  is  a maximum  for  each  latitude  zone,  is  daer- 
mined  from  the  raaxunum  value  of  the  cosine  fiincuon  in  (2). 

The  percent  of  the  variance  attnbutable  to  harmonic  m u 
given  by  C^n^,  where  r is  the  variance  of  the  zonal  mean 
over  all  days  in  the  year.  Since  occasional  days  are  miasiag  m 
the  data,  values  are  denved  for  these  days  by  linear  uiter- 
poiauon  when  calculatuig  the  average  ozone  (0)  The  uncer- 
tainUM  of  the  amplitudes  and  peak  days  have  been  estimated 
by  caiculaiing  harmonics  for  l-year  penods  with  different 


staning  days.  The  derived  uncertainties  in  the  annual  and 
semiannual  are  approximately  10%  of  the  amplitude  aad  3-4 
days  for  the  peak  time  aad  are  not  significant  for  this  study. 

Results 

Timt-Lcainidt  Cross  Staions 

A time-latitude  cron  section,  depkted  in  Figure  2,  wu  gen- 
erated from  smoothed  averaged  daily  means  for  each  latitude 
zone.  Total  ozone  is  shown  u contours  with  20-DU  in- 
cremenu  for  the  26-month  period  (missing  contours  represent 
the  polar  night).  The  seaso^  march  of  total  ozone  is  evident 
in  the  two  hemispheres.  Ozone  has  a iprisg  high  aad  a fall 
low  at  middle  to  high  latitudes  in  both  years.  However,  there 
are  distina  differences  in  the  seasonal  trends  for  each  hemi- 
sphere. In  the  northern  hemisphere  the  spring  maximum  oc- 
curs nearly  simuluuicously  at  middle  and  high  latitudes  in  late 
March.  The  maximum  values  occur  near  Um  pole,  with  total 
ozone  amounts  of  about  500  OU  in  the  spring  of  1970  de- 
creasing to  480  and  460  DU  in  the  springs  of  1971  and  1972. 
respeaively.  This  is  consistent  with  the  analysis  of  Angtll  and 
Korshortr  [1978],  who  show  from  Dobson  data  a comparable 
decrease  in  the  north  temperate  and  polar  regions  for  ihu 
same  time  period. 

In  the  southern  hemisphere,  on  the  other  hand,  the  spring 
maximum  occun  first  in  September  at  30*S,  where  ozone  val- 
ues are  substantially  lower  than  those  in  the  northern  hemi- 
sphere spring.  The  spring  maximum  values  occur  about  I 
month  later  in  the  polar  regions.  The  asymmetry  in  the  winter 
buildup  of  the  two  hemupheres  has  been  related  to  the  well- 
known  differences  in  the  upper  tropospheric  and  lower  strato- 
spheric circulation  features  in  the  two  hemispheres  [Stwtll  tt 
oL.  1974;  Pdisck.  1974).  In  the  oonhem  hemisphere,  eddy 
processes  associated  wuh  the  intense  winter  planetary  waves 
transport  ozone  poleward  from  mid-latitudes.  In  the  southern 
hemisphere,  however,  the  circulation  is  generally  more  zonal 
and  there  is  a northward  component  of  eddy  fluxes  in  the 
south  polar  regions.  Fuithermore,  poleward  transpon  of 
ozone  may  be  further  delayed  because  stratospheric  warmings 
may  be  less  intense  or  because  of  the  resistance  to  breakdown 
of  the  southern  hemisphere  polar  vortex  as  noted  by  Mclmurff 
(1978). 

In  the  northern  hemisphere  the  strongest  ozone  latitudinal 
gradient  can  be  assocuied  with  the  planetary  or  synoptic  scale 
waves  and  the  jet  stream.  This  is  clearly  illustrated  m Figure 
In.  which  shows  largest  ozone  values  at  the  time  of  ihe  north- 
ern hemisphere  spring  maxunum.  However,  m the  southern 
hemisphere  the  gradien's  are  weaker,  and  the  planetary 
waves,  on  a weekly  average,  do  not  appear.  This  is  illustrated 
m Figure  16,  which  is  a coverage  map  for  I week  in  Oaober. 
the  time  for  southern  hemisphere  spring.  Note  the  low  ozone 
values  at  the  south  pole  near  30*E  MiUtr  *t  al.  [1978]  have 
found  a strong  negauve  correlation  of  total  ozone  departures 
from  the  zonal  mean  wuh  departures  of  the  height  of  the  100- 
rabar  level  from  its  zonal  mean  m the  same  zone.  Their  analy- 
sis provides  additional  evidence  of  the  unponance  of  synoptic 
scale  waves  in  transponmg  ozone  poleward. 

In  the  tropical  regions  the  total  ozone  amount  and  the  sea- 
sonal variations  are  considerably  imallcr  than  at  higher  lati- 
tudes. The  yearly  average  value  is  about  250  DU  The  ozone 
minimum  is  centered  below  the  equator  in  April  and  moves 
northward  as  the  year  progresses.  This  cycle  is  repeated  in  the 
second  year  Because  the  sun-earth  dutances  and  the  sola- 


Fig.  3.  TiiM>Uii(u4«  croM  Mciioa  dnivtd  (ram  taalyw  of  DobiOR  dam  utia|  moAthly  waal  avangm  (J.  Loodoo.  pri> 

vau  oooununicttwii,  1979). 


deciiiutioD  vary  over  the  year,  this  effect  could  be  interpreted 
as  a photochemical  response,  since  the  tropics  are  the  source 
refion  ior  ozone.  However,  the  effect  appears  rather  to  be  the 
result  of  the  seasonal  variauon  in  the  two  hemispheres  and 
will  be  discussed  in  more  detail  later.  Also,  note  that  the  ozone 
Hiiiiiiiimii  in  the  northern  tropica,  which  appean  just  after  the 
southern  hemisphere  spring  maaimum  and  at  the  begianini  of 
the  northern  hemisphere  winter  buildup,  occun  in  both  years. 

The  global  mean  ozone  trend  can  be  easily  derived  by  sum- 
ming the  area  weight  of  the  zonal  mean  ozone  values  for  each 
day.  For  each  of  the  2 years  studied  here,  this  calculation 
ijiows  minimum  global  mean  ozone  in  October  and  Novem- 
ber. just  after  tbs  southern  hemisphere  spring  maximum  and 
prior  to  thr  iorthern  hemisphere  winter  buildup.  The  ampli- 
tude of  the  annual  oscillation  is  about  20  DU,  about  5 times 
higher  than  that  calculated  by  Kerning  [197S],  who  used  the 
Nimbus  4 Iris  total  ozone  dat^  The  BITV  data,  however,  arc 
cotisment  with  the  mean  global  tread  calculated  from  J.  Lon- 
don's (privau  communication,  1979)  analysu  for  the  same 
time  period.  For  the  2-year  time  period  the  ^bal  mean  ozone 
trend  derived  from  BUV  shows  a gradual  decrease  which  is 
consisiaat  with  the  analysu  of  Aiigtil  and  KorsMovtr  [1971], 


who  use  Dobson  data.  Trends  and  variations  in  global  mean 
ozone  measured  from  sate  ' tes  and  compared  with  ground 
observations  will  be  discussed  in  detail  by  D.  F.  Heath  et  sL 
(in  preparation.  1979)  and  will  not  be  pursued  Aitther  here. 

Comparison  Whh  Dobson  Analysis 

The  Dobson  network  of  stations  provides  an  alternate 
source  of  total  ozone  valua.  London  tt  at  [1976]  first  derived 
monthly  hemispheric  ozone  maps  from  the  Dobson  dau  for 
the  period  1937-1967.  J.  Lon^n  (private  communication. 
1979)  has  provided  additional  maps  for  the  period  1966-1973. 
Dau  for  1970-1971  are  used  to  form  a time-latitude  cross  sec- 
tion (Figure  3)  similar  to  that  shown  in  Figure  2 for  BUV 
data.  In  the  noixhern  hemisphere  the  seasonal  features  shown 
by  Dobson  and  BUV  are  neiuty  the  same.  Tbs  general  pattern 
of  ozone  values  and  the  times  of  the  spring  maximum  and  fall 
miBimum  agree  reasonably  well  but  with  tome  differences  in 
detail  In  the  tropics  both  dau  seu  show  the  ozone  minimum 
moving  from  south  of  the  squator  in  April  to  iu  most  nor- 
therly point  in  January.  In  the  southern  hemisphere  there  are 
significant  differences.  The  spring  buildup  at  middle  to  high 
lautudes  that  appears  in  the  BUV  cross  sectioa  does  not  ap- 


285 


pnr  at  all  in  the  aoalyztd  Dobton  cron  taction.  Thii  differ* 
anca  may  ba  in  pan  dua  to  tha  icarcity  of  fround  obaarvinc 
lUtiona  in  tba  loutbani  bamisphara  (eight  tutioai  touth  of 
30*S  reported  in  1970  and  only  two  raponad  in  October). 

In  order  to  undentand  fhrt^  the  diicrapancy  between  tha 
two  crott  tactioni  tha  BUV  dau  can  ba  examined  in  tha  form 
of  Utituda-loniitude  mapa.  Figure  4 it  a map  of  contoured 
oiona  values  at  20-DU  incremanu  for  October  1970.  A vary 
itrong  wave  one  type  feature  appears  at  about  60*S,  with  tha 
highest  ozone  values  southeast  of  Australia.  This  feature  has 
been  detected  in  the  past  from  Dobton  (londoe  «r  aL.  19^6], 
although  the  ozone  values  were  considerably  lower  «h«"  Um 
440  DU  measured  by  the  BUV.  It  is  concluded  then  that  the 
differences  in  tha  southern  hemisphere  illustrated  in  Figures  2 
and  3 result  mainly  from  the  sbaance  of  Dobson  sutions, 
which  prevented  detection  of  the  large  ozone  high  by  the 
Dobson  analysis.  The  discrepancy  recurs  when  comparug  the 
BUV  and  Dobson  analyses  for  the  period  March  1971  to 
March  1972.  It  should  be  noted,  however,  that  the  'seatonsl 
trends  for  the  2 years  shown  in  Figure  2 agree  fairly  well  with 
the  10-year  averaged  cross  section  derived  by  London  tt  oL 
[1976].  This  would  imply  that  the  BUV  dau  for  the  2 years 
studied  here  more  closely  describe  the  mean  global  ozone. 

ComparitoH  With  Iris 

The  Iris  was  also  flown  on  Nimbus  4 and  measured  total 
ozone  at  the  same  time  as  BUV.  An  analysis  of  the  derived 
temperature  and  ozone  fields  was  reported  in  detail  by 


fnbhakan  tt  oL  (1976].  Prior  and  Ota  [I97S]  performed  a 
preliminary  comparison  of  BUV,  Dobson,  and  Iris  dau  and 
showed  that  the  BUV  and  Dobson  agree  better  in  general 
with  each  other  tl  s with  Iris.  However,  Figure  4 can  also  be 
directly  compared  with  the  October  analysis  (Figure  13  in  the 
Frabhakara  et  aL  paper)  derived  from  Iris.  The  ozone  high 
over  Manchuria,  tl»  low  over  the  North  Atlantic,  and  the 
closed  contour  of  240  DU  in  tbs  vicinity  of  the  Indonesian  is- 
lands also  appear  in  their  atulysis.  The  ozone  high  in  the 
southern  hemisphere  high  latitudes  centered  at  I70*E  longi- 
tude al"s  appears  in  the  Iris  data,  but  this  feature  is  about  20 
DU  lov.vr.  However,  when  correcting  the  Iris  total  ozone 
measurement  uadcrastimau  of  ^ring  ozone  values  and  an 
over-estimau  in  fall  [Frabhakara  tt  aL,  1976],  the  monthly 
arulyses  from  the  two  instrumenu  are  nearly  identical. 

Harmonic  Anafytit 

The  seasonal  variatioas  and  the  year  to  year  differences  in 
the  global  total  ozone  were  obtained  from  a harmonic  atulysis 
of  the  daily  zonal  meatu  by  using  the  procedures  discussed  in 
a previous  section.  Figure  S illustrates  daily  zonal  means  for 
five  latitude  zones  for  the  period  April  10,  1970,  to  April  9, 
1971.  The  daily  zoiul  means  were  normalized  and  smoothed, 
in  this  example  ottly,  by  setting  the  maximum  and  minimum- 
values  to  + 1 and  - 1,  respectively,  and  smoothing  with  a bino- 
mial fllur  with  a lO-iay  half  width.  At  all  latitude  zones  ex- 
cept the  equator  an  annual  wave  is  clearly  present  Periods  of 
shorter  variability  arc  also  evident.  For  some  zones,  for  ex- 
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bmpte.  30*S.  the  vaiiatioos  arc  ocariy  tintuoi4bL  while  at 
iO*S.  for  example,  the  curve  diOen  lifniflcantly  from  a pure 
tinuioid.  la  addition,  peiiodkiticr  of  the  order  of  2-3  weeks 
appear  during  the  southern  hemisphere  winter  buildup.  The 
phase  shiA  with  latitude  for  the  time  of  the  maximum  value  in 
southern  hemisphere  zones,  discussed  earlier,  is  clearly  evi< 
dent  in  this  figure. 

The  annual  wave  or  Cm  harmonic  in  the  Fourier  expansion 
is  shown  in  Figure  6.  The  amplitude  of  acd  percent  of  vari- 
ance in  the  fim  harmomc  are  plotted  u (Unctions  of  latitude. 
Both  yean  shown  in  the  tingle  figure  permit  a direct  com- 
pnrisoa.  It  should  be  clear  that  the  data  shown  in  this  figure 
(and  subsequent  figures)  are  representative  of  information  in 
Figure  2.  The  important  features  are  u follows: 

1 . In  the  northern  hemisphere  the  amplitude  of  the  annual 
wave  increases  with  latitude.  In  addition,  the  fim  harmonic 
contnbutes  more  than  90%  of  the  variance  from  subtropical 
latitudes  to  the  pole.  These  features  are  essentially  the  same 
for  the  2 yean. 

2.  In  the  tropia  the  amplitude  of  the  annuaf.  wave  is  a 

minimum  and  is  only  a few  Dobaon  units.  The  percent  of  the 
variance  in  the  fim  harmonic  is  nearly  zero  at  the  equator,  at 
least  for  the  fint  year.  The  location  of  the  ampli- 

tude shifts  about  10*  southward  in  the  second  year. 

3.  In  the  southern  hemisphere  the  amplitude  of  the  annual 
wave  IS  greatest  at  mid-lautudas  and  decreases  toward  the 
south  pole.  The  percent  of  the  variance  at  the  annual  wave  de- 
creasea  near  the  pole,  indicating  that  the  total  ozone  annual 
wave  is  less  pronounced  in  the  south  polar  regwa  than  in  the 


north.  At  mid-latitudes  there  is  a 10*  southward  shift  in  the 
location  of  the  maximum  amplitude  in  the  second  year,  com- 
parable to  that  detected  in  the  tropia.  Th.  se  shifts  could  re- 
sult from  year  to  year  changa  in  the  strength  and  loation  of 
the  Hadley  all  ciiculation  in  the  southern  hemisphere.  Inter- 
annual changM  in  the  strength  of  the  Hadley  cell  determined 
ftem  a study  of  10  yean  of  northern  hemisphere  wind  data 
have  been  discussed  by  Rostn  and  fVu  [1976].  Moreover,  Stw- 
M and  IVu  (1978)  found  a correlation  between  total  ozone 
(^om  long-term  monthly  mean  Dobson  observations  and 
geopotential  thicknessa  (or  the  same  period.  They  concluded 
that  circulation  changa  due  to  variations  in  the  Hadley  cell 
govern  the  year  to  year  changa  in  ozone.  Another  pouibic 
cauM  for  this  southward  shift  may  be  due  to  the  quui-bien- 
nial  oscillation  (QBO)  cf  tropical  stratospheric  win^.  A QBO 
hu  been  detected  in  Dobson  total  ozone  dam  by  Angtll  and 
KarsMavtr  [1978|  A strong  QBO  in  toul  ozone  hu  also  been 
detected  at  low  laiituda  in  a preliminary  analysis  of  the  re- 
maining 5 yean  of  BUV  data.  The  e(Tect  of  the  QBO  on  pole- 
ward  transport  of  ozone,  the  annual  wava  in  the  two  hemi- 
spheres. and  the  longer-term  ozone  trend  it  under  study. 

Information  on  the  semiannual  component  in  the  seasonal 
march  of  ozone  is  contained  in  the  second  harmonic  of  the 
Fourier  expansion  of  the  daily  zonal  means.  A semiannual 
component  may  be  expected,  tina  the  sun  crotsa  the  equator 
twice  and  a photochemical  rupontc  may  be  detected  in  the 
tropia.  On  the  other  band,  ozone  correlations  with  the  semi- 
annual oscillation  in  the  temperature  and  winds  deteacd  in 
the  tropia  in  the  upper  stratosphere  [vex  ‘.oon  tt  oL,  1972]  or 
with  the  winter  higb-latitude/tropical  disturbanca  discussed 
by  Frill  and  Soules  [1972]  are  also  pouible.  These  phenomena 
are  of  great  interat  but  require  a more  deuiled  analysis  than 
that  performed  to  show  correlatiou  with  ozone.  Instead,  the 
Mmianeual  component  detected  in  the  tropia  from  the  satel- 
lite mcuurerocnt  for  the  2 years  studied  here  will  be  shown  to 
have  a different  origin.  Figure  7 presenu  the  semiannual  com- 
ponent in  the  same  format  u Figure  6,  exapt  that  the  ordi- 
nata  for  both  the  amplitude  and  the  percent  variance  are  half 
thoM  of  that  figure.  The  important  futura  are  u follows: 

1.  At  mid-latituda  for  both  yean  the  semiannual  wave  is 
small  and  of  the  order  of  its  uncertainty.  Clearly,  the  annual 
wave  dominatu  in  this  latitude  region.  In  northern  high  lau- 
luda  the  amplitude  mcreascs;  however,  the  variance  is  near 
the  noise  level. 

2.  In  the  tropia  the  semiannual  component  becoma  sig- 
nificant in  the  fint  year  but  is  lea  so  in  the  second  yev.  From 
0*  to  I0*S  the  amplitude  of  the  amiannual  component  is 
comparable  to  that  of  the  annual  component  and  contains 
about  40%  of  the  variance  for  the  fint  year. 

3.  At  high  laiituda  in  the  southern  hemisphere  the  semi- 
annual osdUauoa  nuy  also  be  important.  The  amplitude  ap- 
pean  comparable  to  tnai  of  the  annual  wave,  and  the  variance 
of  the  semiannual  wave  is  3 tima  larger  than  that  of  the  an- 
nual wave.  However,  the  significana  of  this  feature  is  uncer- 
tain. sina  nearly  one  half  of  the  valua  appearing  in  the  high- 
est-laiitude  zona  (above  70*  in  wuue:)  are  the  rault  of 
extrapolation  from  lower  latitudes,  usuig  the  technique  de- 
scribed earlier.  It  is  interesting  to  note,  however,  that  the  Lon- 
don  tt  oL  [1976]  10-year  average  of  analyzed  Dobson  data 
giva  a very  similar  result  even  though  there  arc  no  ground 
observations  in  the  wuiter.  IFl/cex  tt  oL  [1977]  have  also  de- 
tected a semiannual  component  in  the  vertical  distribution  of 
ozone  from  balloon  measurements  in  the  northera  hemt- 
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sphere.  (They  had  no  dau  ia  the  sottibcra  hemisphere.)  Fi> 
oatty.  MM  Lotm  ti  aL  (1972)  found  that  the  amplitude  of  the 
semiannual  wave  in  the  zonally  averafed  temperatures  ia  the 
lower  stratosphere  (SO-10  mbar)  is  a m««imiiiii  at  hifh  lati- 
tudes in  the  southern  hemisphere.  In  the  tropics  and  the 
northern  hemisphere  this  masimnm  occurs  above  5 mbar  and 
should  have  little  effect  on  the  total  oione.  Therefore  BUY 
data  ate  consistent  with  these  tesuhs;  however,  a more  de- 
tailed study  is  required  to  reveal  the  mechanism  Hnirm|  the 
relationship  betsreen  the  temperature,  the  winds,  and  the  total 
ozone,  revealed  in  the  semiannual  wave. 

The  harmonic  analysis  also  provides  the  time  of  the  maxi- 
mum ozone  value  derived  from  the  phase  and  period  in  (2)  in 
each  la'itude  zone  and  for  each  harmonic  oomponent  Fi|ute 
8 illustiates  the  time  of  the  maximum  ozone  value  as  a func- 
tion of  latitude  for  both  the  annual  and  the  semiannual  eraves 
for  each  year.  The  ordinate  is  given  by  month  as  well  as  day 
of  the  year.  The  significant  aspects  of  the  phase  are  summa- 
rized nexL  The  conclusions  are  consistent  srith  the  inter- 
preution  of  the  time-latitude  cross  sectioa  shosrn  in  Figure  2. 

In  the  northern  hemisphere  the  of  the  «""»■< 

wave  occurs  in  late  winter  from  middle  to  high  ladrades 
within  only  a few  days.  This  could  be  due  to  the  anticipated 
strong  eddy  motions  at  that  time  of  year,  but  the  detailed 
mechanisms  causiag  the  maximum  values  to  occur  in  so  shon 
a period  of  time  are  not  clear.  AAer  passing  through  a 6- 
month  phase  shiA  at  the  equator  the  southern  hemisphere 
spring  maximum  occurs  first  at  40*S  in  September  and  then 
spreads  poleward  and  equatorward.  reaching  val- 

ues in  these  regions  in  late  November. 

For  the  semiannual  wave  the  tune  of  the  first  m«TimnM  was 
plotted  only  at  latitudes  where  the  percent  of  the  vanance  in 
the  second  harmonic  is  greater  than  4%.  At  low  lautudes  the 
first  peak  occurs  about  April,  coincideat  with  the  northern 


hetnisph.'re  spring  maximum  of  the  annual  wt.  The  second 
maximum  of  the  semiannual  component  occurs  6 months 
later,  in  October,  coincident  with  the  maximum  of  the  annual 
wave  in  the  southern  hemisphere  subtropics.  Close  inspection 
of  Figure  5 supports  this  resuk.  The  maximum  annual  ozone 
value  at  30'S  occurs  on  day  265.  while  the  maximum 
value  at  40*N  occun  about  day  80.  in  1971.  which  very  nearly 
corresponds  to  peak  days  at  0*S.  This  result  does  not  exclude 
a possible  response  to  the  solar  equatorial  crossing,  but  it 
seems  more  likely  that  the  semiannual  wave  deteaed  at  low 
latitudes  in  the  first  year  is  the  result  of  the  annual  wave  m the 
two  hemispheres,  where  the  phases  are  6 months  apart. 

Shorter  Periods 

The  results  of  the  harmonic  analysis  were  examined  for 
shorter  periodicities.  For  periods  of  1 month  or  shorter  the 
noise  level  ranges  from  2 DU  at  low  latitudes  to  S DU  at  high 
latitudes.  No  periodicity  with  higher  amplitude  was  found,  al- 
though variations  of  2-3  weeks  are  evident  in  Figure  S,  pamc- 
ttlarly  during  the  first  6 months  at  60*S.  Harmonic  analysis  is 
not  a particularly  sensitive  method  for  determining  shorter  pe- 
riods. Further  work  in  this  area,  using  more  sopbisucated 
techniques,  is  under  way. 

Conclusion  and  Summaay 

The  refined  BUY  data  from  Nimbus  4 have  been  analyzed 
here  for  the  period  April  1970  to  May  1972.  The  coverage  and 
overall  sensiuvity  of  the  satellite  measurement  permit  an  ac- 
curate determination  of  the  seasonal  march  of  total  ozone  in 
the  two  hemispheres  previously  unobtainable  from  the 
ground-based  observations,  especially  in  the  southern  hemi- 
sphere. This  study  generally  confirms  the  seasonal  variations 
determined  from  several  decades  of  Dobson  data.  With  only  2 
years  of  satellite  data  some  interesung  mterannual  differences 
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are  revealed.  Comparison  of  time-latitude  cross  sections  de- 
rived from  BUV  and  analyzed  Dobson  dau  shows  sifnificant 
differences  in  the  southern  hemisphere  for  the  years  1970- 
1972.  The  spring  buildup  detected  by  the  BUV  at  mid-lati- 
tudes does  not  appear  at  all  in  the  analyzed  Dobson  data.  This 
discrepancy  is  most  likely  due  to  the  scarcity  of  Dobson  sta- 
tions in  this  half  of  the  globe. 

A harmonic  analysis  of  the  daily  zonal  means  shows  asym- 
metries between  the  annual  waves  in  the  two  hemispheres.  In 
the  northern  hemisphere  the  amplitude  of  the  annual  wave  in- 
creases when  going  toward  the  pole,  and  the  maximum  value 
occurs  nearly  simultaneously  at  middle  to  high  latitudes.  In 
the  southern  hemisphere  the  ma.ximum  amplitude  of  the  an- 
nual wave  occurs  at  about  SCS.  Maximum  amplitude  occurs 
first  also  near  this  latitude,  and  it  then  spreads  equatorward 
and  poleward.  .A  semiannual  component  was  detected  at  the 
equator  in  the  first  year  and  can  be  explained  as  the  result  of 
the  annual  waves  in  the  two  hemispheres  whose  phases  are  6 
months  apan.  The  semiannual  wave  detected  in  the  southern 
hemisphere  high  latitudes  for  both  years  can  be  correlated 
with  other  observations  but  cannot  be  satisfaaorily  explained. 
However,  a similar  feature  is  observed  in  the  London  et  aL 
(1976]  Dobson  analysis  averaged  over  10  years.  A search  for 
shorter  periods  (higher-order  harmonics)  using  a harmonic 
analysis  with  a I -year  period  revealed  no  periodicity  whose 
amplitude  was  significantly  higher  than  the  noise  level. 

A 10*  southward  shift  in  the  location  of  the  annual  wave  in 
the  southern  hemisphere  was  deteaed  for  1971  as  compared 
to  1970.  This  may  be  the  result  of  interannual  variations  in  the 
Hadley  cell  circulation  which  may  have  caused  the  decrease 
in  global  mean  ozone  values  reponed  for  this  period.  An  alter- 
native explanation  for  the  shift  may  be  the  quasi-biennial  os- 
cillation of  stratosphenc  winds  at  low  latitudes.  This  oscilla- 
tion has  been  detected  in  a preliminary  analysis  of  7 years  of 
BUVdata- 

Work  is  under  way  to  analyze  the  remaining  5 years  of 
BUV  dau  as  they  become  avadable.  Of  particular  importance 
is  the  development  and  testing  of  analysis  schemes  which  can 
handle  missing  data,  because  the  BUV  operation  was  consid- 
erably reduced  after  the  second  year. 
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Three  classes  of  ozone  sounders  have  been  developed  since  the  first  Echo  Satellite 
measurements  in  1960.  They  are  the  (1)  backscatter  ultraviolet  (b.u.v.),  (2)  infrared 
limb  and  nadir  radiance,  and  (3)  stellar  and  solar  occultation  methods.  With  these 
techniques,  ozone  has  been  measured  from  20  to  100  km.  Tropospheric  ozone 
measurements  are  beyond  present  technology,  but  total  ozone  is  determined  with  the 
b.u.v.  and  nadir  infrared  methods. 

Results  from  the  occultation  methods  are  excessively  variable,  indicating  a need  for 
refinement  of  tire  technique.  Esndence  from  this  technique  for  a mesospheric  ozone 
maximum  is  strong.  The  most  extensive  set  of  ozone  observations  has  come  from  the 
Nimbus  4 b.u.v.  between  1970  and  1977.  From  this  and  earlier  b.u.v.  experiments, 
it  has  been  determined  that  the  ozone  tends  toward  photochemical  steady  state  densities 
for  levels  above  5 mbar  and  that  the  temperature  coefficient  near  1 mbar  is  approxi- 
mately 1000  K,  in  accordance  with  odd  hydrogen  catalysis  of  ozone.  At  lower  altitudes, 
odd  nitrogen  catalytic  chemistry  has  been  verified  from  b.u.v.  ozone  observations 
during  a solar  proton  event.  Ozone  profile  results  from  the  limb  infrared  radiance 
method  are  discussed  in  a companion  paper  by  Dr  J.  C.  Gille. 

Total  ozone  soundings  from  the  b.u.v.  agree  with  Dobson  results  and  details  of 
seasonal  and  latitudinal  variations  are  now  available.  The  total  ozone  field  has  also 
been  inferred  from  nadir  infrared  radiance  data.  Monthly  mean  total  ozone  maps 
from  this  method  and  the  b.u.v.  each  indicate  standing  waves  at  all  latitudes. 


Introduction 

In  the  last  15  years,  interest  in  stratospheric  ozone  has  changed  from  scientific  curiosity  to  the 
present  need  for  monitoring  for  environmental  reasons.  Fortunately,  a variety  of  remote  ozone 
sounding  techniques  were  proposed  and  tested  with  satellites  during  the  1960s  and  early  1970s 
so  that  the  current  needs  for  research  and  climatological  data  can  be  met  with  a combination 
of  satellite  and  conventional  sounding  devnees.  This  paper  is  a review  of  satellite  methods  and, 
in  conjunction  with  Dr  Gille’s  paper,  a summary  of  principal  findings. 

Ozone  molecules  absorb  radiation  strongly  in  the  middle  ultraviolet  (u.v.)  Hartlcy-Huggins 
bands  (220-320  nm),  moderately  in  the  infrared  (9.6  pm),  and  weakly  in  the  visible  Chappuis 
b..nds  (0.6  pm).  Perhaps  the  first  measurement  of  ozone  to  use  artificial  Earth  satellites  in 
connection  with  the  selective  absorption  of  light  employed  the  Echo  balloon  satellite.  Sunlight 
in  the  Chappuis  band  wavelengths  which  passed  through  the  Earth’s  limb  was  measured  with 
a ground  based  telescope  after  reflexion  from  the  satellite  (Venkateswaran  et  al.  1961).  A useful 
remote  sounding  technique,  namely  limb  occultation,  was  demonstrated,  although,  because  of 
geometric  problems,  the  resulting  ozone  profiles  were  incorrect.  This  technique,  as  with  most 
others,  had  a pre-satellite  origin;  that  of  lunar  eclipse  photometry.  A chronology  of  develop- 
ments in  limb  occultation  methods  and  in  the  other  major  satellite  techniques  for  ozone 
measurement  is  given  in  table  1. 
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The  second  major  remote  sensing  method  to  be  proposed  was  the  backscatter  ultraviolet  (b.u.v.) 
technique.  Sunlight  in  the  Hartley-Huggins  bands  penetrates  to  various  stratospheric  altitudes 
(which  depend  on  the  wavelength-dependent  ozone  absorption  cross  section)  where  the  photons 
are  either  absorbed  or  Rayleigh  scattered.  Measurements  of  the  Earth  albedo  at  several  u.v. 
wavelengths  can  yield  an  ozone  profile.  The  method  was  proposed  by  Singer  & Wentworth 
(1957)  and  newer  methods  for  inversion  of  the  albedo  measurements  have  been  developed  and 
reviewed  by  Mateer  (197a)-  An  important  extension  of  the  b.u.v.  method  was  to  measure  total 
ozone  as  suggested  by  Dave  & Mateer  (1967). 


Table  1.  Satellite  experiments  to  measure  ozone 


wavelengths 

latitude 

type 

satellite 

nm 

coverage 

comments 

references 

occulution 

solar 

Echo  1 

590,  529.5 

17  N 

Dec.  1960 

Venkateswaran  el.  (1961) 

U.S.A.F.  1962 

260 

33S-13S 

July  1962 

Raweliffe  it  ol.  (1963) 

Ariel  2 

200-400 

50S-50N 

April,  May, 
Aug.  1964 

Miller  & Stewart  (1965) 

AE-5 

255.5 

5N 

Dec.  1976 

Guenther  it  al.  (1977) 

stellar 

OAO-2 

250 

16S-43N 

Jan.  1970, 
Aug.  1971 

Hays  & Roble  (1973) 

OAO-3 

258-343 

12S-3N 

July  1975 

Riegler  it  al.  (1976) 

backscatter  u.v. 

profile 

U.S.A.F.  1965 

284 

60S-60N 

Feb.-Mar.  1965 

Raweliffe  &.  Elliott  (1966) 

U.S.S.R. 

225-307 

60S-60N 

Apr.  1965 

lozenas  it  al.  (1969) 

250-330 

60S-60N 

June  1968 

lozenas  it  al.  (1969) 

1966-111  B 

175-310 

80S-80N 

1966 

Elliott  It  al.  ( 1967) 

CXJO-4 

110-340 

80  S-80  N 

Sept.  1967- 
Jan.  1969 

Anderson  it  at.  (1969) 

Nimbus  4 b.u.v. 

255.5-305.8 

80S-80N 

Apr.  1970- 
July  1977 

Heath  it  al.  (1973) 

AE-5  b.u.v. 

255.5-305.8 

20  S-20  N 

Nov.  1975- 
Apr.  1977 

Frederick  et  al.  (1977  a) 

Nimbus  7 s.b.u.v. 

255.5-305.8 

80  S-80  N 

Nov.  1978* 

Heath  it  al.  (197s) 

total 

Nimbus  4 b.u.v. 

312.5-339.8 

80  S-80  N 

Apr.  1970- 
July  1977 

Mateer  it  al.  (1971) 

AE-5  b.u.v. 

312.5-339.8 

20  S-20  N 

Nov.  1974- 
Apr.  1976 

Nimbus  7 t.o.mj.  312.5-339.8 

global 

Nov.  1978* 

Heath  it  al.  (1975) 

infrared  emission 

um 

piofile 

Nimbus  6 l.r.i.r. 

9.6 

65S-90N 

June  1975- 
Jan.  1976 

Gille  (1979,  this  symposium) 

Nimbus  7 l.i.m.s. 

9.6 

65S-90N 

Oct.  1978- 
May  1979 

Nimbus  project  (197S) 

total 

Nimbus  3 i.r.i.s. 

O-IO  spectral  80S-80N 

Hanel  et  al.  (1970) 

scan 

Nimbus  4 i.ra.s. 

9-10  spectral  80S-80N 

Apr.  1970- 

Prabhakara  it  al.  (1976) 

scan 

Jan.  1971 

Block  5 m.f.r. 

global 

Mar.  1977* 

Lovill  It  al.  (1978) 

(4  flightt) 
Tiros  iVh.i.r.s. 

9.71 

global 

Nov.  1978* 

* Currently  in  operation  (Nov.  1979). 


Satellite  measurements  of  ozone  profiles  by  the  backscatter  method  were  first  made  by 
lozenas  et  al.  (1969)  and  Elliott  et  ai.  (1967),  who  used  wavelength  scanning  monochromators 


viewing  the  nadir  atmosphere.  These  were  followed  by  a similar  experiment  on  the  OGO-4 
satellite  in  1967  (Anderson  et  al.  1969),  in  which  data  were  collected  over  a 17-month  period. 
The  first  major  backscatter  u.v.  experiment  with  an  instrument  dedicated  to  ozone  measure- 
ments was  the  b.u.v.  on  Nimbus  4 in  a polar  Sun-synchronous  orbit.  Launched  in  April  1970, 
this  sensor  continued  to  collect  data  until  1977.  The  instrument  was  a double  monochromator 
which  sampled  12  discrete  wavelengths  bands  (Heath  et  al.  1973). 

Residual  Nimbus  4 b.u.v.  hardware  was  later  flown  on  the  Atmospheric  Explorer-5  space- 
craft in  November  1975,  with  an  orbital  inclination  of  20°.  Tropical  data  were  collected  and 
local  time  ozone  changes  were  determined. 

The  most  recent  b.u.v.  experiment  is  the  Nimbus  7 s.b.u.v./t.o.m.s.,  launched  in  October 
1978,  in  a Sun-synchronous  polar  orbit.  This  dual  instrument  continues  the  Nimbus  4 nadir 
ozone  data  set  with  the  solar  backscatter  u.v.  sensor  (s.b.u.v.)  (an  improved  version  of  the 
Nimbus  4 sensor)  and  adds  spatial  scanning  of  total  ozone  with  the  total  ozone  mapping 
spectrometer  (t.o.m.s.). 

Infrared  emission  methods  for  remote  measurement  of  ozone  are  of  two  types  (see  table  1). 
Ozone  profiles  are  determined  from  measurements  of  the  altitude  variation  of  the  atmospheric 
radiance  by  viewing  the  Earth’s  limb  (the  limb  radiance  technique)  and  total  ozone  can  be 
inferred  from  measurements  of  the  atmospheric  radiance  in  the  nadir  direction.  The  nadir 
sounding  method  was  first  tested  on  the  Nimbus  3 satellite  with  an  infrared  interferometer 
spectrometer  (i.r.i.s.)  (Hanel  et  al.  1970).  This  was  followed  by  a repeat  flight  on  Nimbus  4. 
The  retrieval  methods  and  results  were  reported  by  Prabhakara  et  al.  (1976). 

The  limb  emission  method  is  a more  recent  development,  which  has  the  advantages  of  good 
vertical  resolution  and  simultaneous  information  about  air  temperature.  Retrieval  methods 
have  been  developed  by  Gille  & House  (1971)  and  the  system  has  flown  on  the  Nimbus  6 and  7 
satellites. 


OCCULTATION  TECHNI<iUES  AND  RESULTS 

Limb  absorption  or  occultation  meastircments  have  been  made  with  either  the  Sun  or  stars 
as  the  light  source.  Ozone  profiles  have  been  determined  between  about  40  and  100  km,  thus 
giving  the  technique  the  distinction  of  working  to  higher  altitudes  than  any  other  current 
sounding  technique.  Atmospheric  attenutation  is  measured  and  subsequently  interpreted  in 
terms  of  Rayleigh  scattering,  atmospheric  refracdon  and  ozone  slant  path  optical  depth. 
Stellar  occultations  can,  in  principal,  be  obtained  at  any  local  time,  although  only  night 
observadons  have  been  made  with  c.xisting  instrumentation.  They  are  capable  of  high  vertical 
resolution  but  arc  limited  by  the  availability  of  suitable  stars. 

Solar  occultadon  measurements  are  possible  from  a spacecraft  sensor  within  an  hour  of 
sunrise  or  sunset  al  the  ground  twice  during  each  orbit.  The  geographic  coverage  is  rather 
severely  limited  by  the  orbit  geometry.  The  verdcal  resoludon  is  about  15  km  unless  the  field 
of  view  is  limited  with  a pointed  telescope.  The  useful  aldtude  range  is  determined  by  the 
number  of  wavelength  channels,  and  the  accuracy  does  not  depend  on  absolute  sy.stem  calibra- 
tion, but  only  on  an  electronic  linearity  and  noise,  and  errors  in  effeedve  ozone  absorpdon 
coefficients. 

The  published  results  from  occultation  experiments  are  listed  with  references  in  table  1 and, 
since  the  quandty  of  soundings  is  small,  the  principal  results  are  shown  in  .‘igure  1 where  the 
profiles  arc  identified  by  the  satellite  name. 


The  K-M  mid-latitude  ozone  model,  (Krueger  St.  Minzner  1976)  which,  for  altitudes  above 
60  km,  is  derived  primarily  from  twilight  rocket  flights,  is  also  shown  for  comparison.  The 
satellite  profiles  apply  to  a variety  of  latitudes,  seasons  and  phases  of  the  solar  cycle  and,  as 
noted  above,  were  obtained  under  near  twilight  or  night  conditions. 

Night-time  profiles  from  the  orbiting  astronomical  observatories,  OAO-2  and  -3  show  strong 
secondary  maxima  centered  near  85  km  and  95  km  respectively.  The  OAO-3  results  have  been 
somewhat  enigmatic  because,  at  least  below  80  km,  the  ozone  densities  arc  more  than  a factor 
of  2 greater  than  the  results  from  the  twilight  experiments.  If  true,  they  would  imply  a night- 
time doubling  in  ozone  density  even  at  50  km.  The  OAO-2  results  exhibit  the  opposite  effect 
below  75  km,  namely  a night-time  ozone  decrease  relative  to  twilight  measurements.  The  band 
of  observed  profiles  from  OAO-2  lies  about  a factor  of  4 less  than  the  K-M  mid-latitude  model 
at  50  km  and  appears  to  diverge  at  lower  altitudes.  The  differences  between  the  two  OAO 
experiment  results,  and  between  them  and  the  twilight  results,  are  much  greater  than  has  been 
predicted  for  diurnal  variations  in  the  stratosphere  and  mesosphere. 


AE5 
OAO  3 
OAO  2 

Krueger-Minzner  mid-latitude  model 
AF  62,  run  I 
AF  62,  run  2 
Ariel  2 


Figum  1.  A comparison  of  ozone  density  distributions  obtsuned  with  solar  and  stellar  occultation  methods. 


The  AE-5,  AF  62,  and  Ariel  2 experiments  are  of  the  solar  occultation  type  and,  except  for 
Ariel  2 at  upper  levels,  the  results  tend  to  agree  with  the  K-M  mid-latitude  model.  The  Ariel  2 
data  diverge  toward  lower  values  at  higher  altitudes  and  are  consistent  with  the  OAO-2  data 
at  65  and  TO  km.  The  AE-5  results  are  20-50%  less  than  the  K-M  mid-latitude  model  below 
65  km.  At  those  levels  the  K-M  model  becomes  progressively  more  weighted  toward  daytime 
values.  The  AF  62  experiment  determined  only  a two  parameter  profile,  but  two  separate 
analysis  techniques  yielded  different  profiles  (run  1 and  run  2 in  figure  1).  The  ozone  densities 
from  the  AF  62  run  2 are  quite  close  to  AE-5  and  K-M  model  results. 

In  summary,  the  solar  occultation  experimenu  differ  significantly  between  themselves  and 
from  the  rocket-derived  K-M  mid-latitude  model.  The  ozone  distribution  shows  a monotonic 
decrease  with  altitude  with  a scale  height  between  4 and  5 km  for  altitudes  between  60 
and  SO  km.  The  ozone  densities  decrease  from  perhaps  6xl0'®cm~*  at  50  km  to  about 
1 X 10*  cm~*  at  75  km.  The  differences  from  the  K-M  model  at  50  km  may  be  due  to  latitude 
gradients,  since  most  of  the  occultation  results  come  from  near  the  equator. 

The  stellar  occultation  results,  taken  at  night,  would  require  an  extraordinarily  variable 


294 


mfsosplicrc  to  account  for  the  10-  to  100-fold  differences  in  their  profiles.  These  profiles  ire 
particularly  hard  to  accept  near  50  km,  where  i relative  wrealth  of  other  data  exists. 

Cle.irly,  the  occultation  techniques  are  still  in  a developmental  stage  and  mesospheric  ozone 
protilrs  and  fields  have  not  been  adequately  determined. 

The  backscatter  ultraviolet  ^b.u.v.)  method 
The  b.u.v.  method  has  proved  to  be  a useful  technique  for  observing  global  characteristics 
of  the  high  altitude  ozone  field.  The  technique  is  successful  owing  to  the  interue  ozone  absorp- 
tion continuum  in  the  middle  ultraviolet,  the  apparent  lack  of  contamination  of  this  band  by 
interfering  species  and  the  demonstrated  lifetime  of  the  satellite  hardw  are.  The  principal  short- 
coming is  the  inability  to  resolve-structure  in  the  ozone  profile  less  than  about  an  atmospheric 
scale  height.  This,  incidentally,  is  not  a severe  drawback  due  to  the  general  ‘well  behaved’ 
n.iture  of  the  ozone  distiibution  in  the  upper  stratosphere.  How  ever,  no  information  is  returned 
about  the  ozone  distribution  below  the  ozone  maximum,  although  total  ozone  can  be 
determined. 


90 


longitude/deg 

Fici'hb  2.  Dita  coverage  for  a rypical  week  of  b.u.v.  data.  Each  square  represenu  a b.u.v.  sounding. 

The  inference  of  total  ozone  amounts  and  its  vertical  distribution  is  possible  by  solution 
of  an  integral  equation.  The  fundamental  observed  parameters  are  the  incident  u.v.  solar 
spectral  irradiance  and  the  atmospheric  spectral  radiance  in  the  middle  u.v.  (250-340  nm). 
In  addition,  the  surface  reflectance  must  be  determined  by  measurements  at  a wavelength 
that  is  free  of  ozone  absorption.  The  wavelength  dependence  of  the  ozone  absorption  coefficient 
and  the  exponential  decrease  of  air  density  with  height  leads  to  a series  of  contribution 
functions  peaking  at  different  levels  corresponding  to  different  wavelengths  between  250  and 
.100  nm.  The  ozone  profile  can  be  inferred  by  using  this  altitude  separation.  At  wavelengths 
greater  than  300  nm,  the  contribution  functions  peak  below  the  stratosphere  and  a total  ozone 
measurement  is  possible. 

Design  of  a spectrometer  to  measure  the  atmospheric  radiance  is  difficult  because  the  Earth's 
albedo  changes  dr,istically  with  wavelength  between  250  and  340  nm,  owing  to  ozone  absorp- 
tion. Furthermore,  the  solar  flux  is  a fac'or  of  10  less  at  250  nm  that  it  is  at  340  nm.  As  a result, 
in  a spectral  scan  of  the  earth  radiance,  the  flux  changes  by  10*.  Further,  observational 
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complications  come  from  polarization  of  the  backscattered  light.  To  meet  these  stringent 
observational  requirements,  the  Nimbus  b.u.v,  instruments  are  double  (tandem)  Ebert-Fastic 
monochrometers  with  collinear  narrow-band  filter  photometen.  The  instrument  views  the 
terrestrial  atmosphere  at  the  nadir.  At  the  northern  terminator,  a diffuser  plate  is  deployed 
to  compare  the  solar  spectral  irradiance  to  the  atmospheric  radiance. 

'fhe  Nimbus  4 Backscatter  Ultraviolet  (b.u.v.)  experiment  was  launched  in  April  of  1970. 
The  spacecraft  is  in  a near  polar  Sun  synchronous  orbit  and  data  are  available  over  almost  all 
of  the  sunlit  portion  of  the  earth  with  the  observations  taken  near  local  noon.  Coverage  for  a 
typical  week  is  shown  in  figure  2 where  each  200  km  by  200  km  sounding  is  represented  by  x . 
There  are  an  average  of  800  data  points  per  day  for  the  first  year  of  operations.  Increasingly 
severe  spacecraft  power  problems  starting  in  July  1972  have  caused  a substantial  reduction  in 
operating  time  for  the  instrument  although  data  are  still  occasionally  collected  from  it. 

Vertical  profit*  results  from  b.u.v.  observations 

The  first  experiment  in  the  development  of  the  backscatter  u.v.  methods  used  a single  channel 
photometer.  Raweliffe  & Elliott  (1966)  inferred  from  the  radiance  data  that  seasonal  differences 
were  present  in  upper  stratospheric  ozone.  The  first  findings  from  an  ozone  profile  experiment 
using  an  ultraviolet  spectrometer  were  that  the  upper  stratospheric  ozone  scale  height  was 
constant  at  sub-polar  latitudes  A.-d  that  detailed  horizontal  structure  existed  near  30  mbarj 
(lozenas  et  at.  1969).  These  results  indicated  that  photochemistry  prevailed  over  dynamics  at 
the  upper  levels.  In  succeeding  experiments  with  spectrometers,  it  was  suggested  that  instrument 
calibration  uncertainties  or  possible  aerosol  scattering  might  present  real  problems  for  accurate 
estimation  of  ozone  p*'ofiles  (Elliott  1971).  However,  Anderson  et  at.  (1969)  found  that  profiles 
could  be  recovered  after  calibration  with  rocket  ozone  data  and  that  latitudinal  and  seasonal 
ozone  variations  could  nevertheless  be  determined  (London  et  al.  1977).  In  the  two  data 
periods  (Sept.-Nov.  1967  and  Jan.-Feb.  1968)  that  have  been  analysed  from  the  OGO-4 
experiments,  the  average  ozone  fields  at  5 mbar  were  found  to  have  small  geographic  variations. 
A broad  maximum  appears  at  mid-latitudes  and,  in  the  tropics,  some  longitudinal  asymmetry 
is  present  with  higher  ozone  mixing  ratios  over  the  Atlantic  and  Africa.  These  geographical 
variations  diminish  with  altitude  in  agreement  with  the  earlier  observations.  The  mixing  ratios 
at  higher  latitudes  were  found  to  increase  from  autumn  to  winter. 

Initial  analysis  of  the  Nimbus  4 ozone  profile  data  (Krueger  et  al.  1973)  revealed  that  the 
highest  mixing  ratios  were  near  10  mbar  at  lower  latitudes.  During  the  equinoxes,  the  mixing 
ratios  decrease  rather  uniformly  toward  the  poles.  However,  during  the  autumn  and  winter 
secondary  maxima  form  near  the  2 mbar  level  at  Southern  Hemisphere  mid-latitudes  and  at 
Northern  Hemisphere  high  latitudes.  Perhaps  the  simplest  explanation  of  these  upper  strato- 
spheric features  lies  in  the  temperature  dependence  of  the  ozone  chemistry.  The  southern 
maximum,  in  particular,  was  found  to  vary  in  amplitude  at  different  longitudes.  Barnett  et  al. 
(197s)  used  these  b.u.v.  results,  together  with  s.e.r.  temperature  data,  to  estimate  the  tempera- 
ture coefficient  for  steady  state  ozone  mixing  ratios.  They  concluded  that  the  exponential 
coefficient  was  of  the  order  of  900-1100  K,  a value  consistent  with  oxygen  and  hydroxyl 
chemistry  near  1 mbar. 

The  Nimbus  4 b.u.v.  was  also  taking  data  during  the  major  solar  proton  event  of  August 
1972.  Ozone  decreases  of  20  % were  found  at  2 mbar  in  the  upper  stratosphere  at  geomagnetic 
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latitudes  irradiated  by  protons  (Heath  tt  al.  1977).  This  was  the  first  direct  evidence  for  catalysis 
of  ozone  by  odd  nitrogen  compounds  in  the  stratosphere. 

Methods  for  improvement  of  retrievals  of  high  level  ozone  profiles  from  reprocessed  b.u.v. 
Earth  albedo  data  are  currently  under  study.  This  new  det»  set  incorporates  corrections  for 
instrument  sensitivity  changes  and  spacecraft  attitude  errors.  The  aerosol  effects  found  earlier 
by  Elliott  (1971)  do  not  app>ear  in  Nimbus  4 b.u.v.  data,  although  anomalous  radiances  appear 
to  exist  at  25S  nm.  Recently,  the  global  behaviour  of  1 mbar  ozone  from  April  1970  to  May 
1972  has  been  studied  at  Goddard  Space  Flight  Center  by  using  an  interim  inversion  product 
that  is  valid  for  the  upper  stratosphere  - Mateer’s  formulation  of  the  Laplace  transform  method 
(Twomey  1961).  The  variation  of  the  zonal  mean  of  the  1 mbar  ozone  mixing  ratio  at  60  N 
for  the  period  Nov.  1970-Nov.  1971  is  shown  in  figure  3.  The  2 mbar  air  temperatures  for  the 
same  latitude  band  and  time  period  derived  from  s.c.r.  observations  (Barnett  1974)  arc  shown 
in  the  same  figure.  Both  b.u.v.  and  s.c.r.  observe  the  radiation  from  rather  broad  height  regions 
so  the  excellent  inverse  relationship  of  temperature  and  ozone  is  quite  pleasing. 


Figure  3.  Temporal  variation  of  the  2 mbar  temperature  from  $.c.r.  and  the  1 mbar  ozone  mass  mixing 
ratio  in  a latitude  band  centred  at  60”  N from  1 year  of  Nimbus  4 data. 


The  overall  behaviour  observed  is  a summer  temperature  maximum  (270  K)  and  ozone 
minimum  (3.71  pg/g)  and  a winter  temperature  minimum  (227  K)  and  ozone  maximum 
(7.62  pg/g).  The  large  sudden  stratospheric  warming  from  mid-December  to  mid-January  is 
mirrored  exactly  as  a decrease  in  1 mbar  ozone.  Even  a small  scale  feature  at  the  beginning 
of  September  is  observed  in  both  temperature  and  ozone.  Temperature  ( 7^  and  the  ozone 
mixing  ratio  (r,)  arc  found  to  be  related  by  the  equation 

r,  - 0.072  exp  (1062/7) 

with  a correlation  cof  fficient  of  0.99 i for  the  fit.  This  relation  holds  for  the  entire  year  except 
during  the  stratospheric  warming,  'vhen  the  pre-exponential  coefficient  0.072  pg/g  increases 
to  0.082  pg/g.  The  temperature  coefficient  of  1062  K compares  reasonably  well  with  the  value 
of  928  K reported  by  Barnett  ti  al.  (1975)  at  50  S,  but  * ■'  correlation  coefficient  they  report  of 
0.817  is  substantially  lower.  This  is  due  in  part  to  our  using  much  better  calibrated  ozone  data 
and  in  part  to  using  zonally  averaged  data.  The  increase  in  the  pre-exponential  coefficient 
during  the  stratospheric  warming  period  is  evidence  for  modification  of  the  chemistry  and 
dynamics  from  that  normally  present.  This  could  happen  if  significant  vertical  motions  arise. 


Data  from  the  AE«5  b.u.v.  have  been  partially  analysed.  Principal  findings  to  date  are: 

(1)  the  tropical  profiles  are  consistent  with  current  photochemical  model  results  below  2 mbar 
but  not  higher  altitudes  (Frederick  et  al.  1978). 

(2)  the  transition  from  dynamic  to  photochemical  control  of  the  ozone  takes  place  between 
6 and  10  mbar  in  the  tropics  (Frederick  tt  al.  1977  and 

(3)  negligible  spatial  structure  exists  in  the  integral  ozone  above  1 mbar  at  tropjcal  latitudes 
when  measured  with  25  km  horizontal  resolution  (Guenther  & Dasgupta  1979). 


Table  2.  B.u.v./Dobson  overall  comparison  statistics  chart 


Year  1 (April  1970-April  1971) 

number  of 
coincidences 

(m  atm-cm) 

Oo 

(m  aun-cm) 

bias 

(C„-i5„) 

s.d. 

Dobson  00  code,  2‘  sep,  all  R \ 

2024 

315.9 

326.4 

-10.6 

18.44 

1°  sep,  R < 0.2 

328 

304.9 

316.6 

-11.8 

16.28 

all  codes 

3860 

325.6 

336.4 

-10.9 

21.29 

all  codes  exc.  00  code 

1841 

336.4 

347.7 

-11.3 

24.02 

M-83  Networkf 

1270 

349.7 

358.8 

-9.1 

59.50 

Year  2 (May  1971-April  1972) 

Dobson  00  code,  2°  sep,  all  R; 

1944 

304.0 

317.9 

-13.9 

18.83 

1*  sep,  R < 0.2 

301 

292.0 

304.4 

-12.4 

16.26 

all  codes 

3392 

313.9 

329.2 

-15.4 

20.57 

all  codes  exc.  00  code 

1487 

327.3 

344.2 

-17.0 

23.65 

M-83  networkf 

1117 

342.3 

368.9 

-26.6 

51.51 

t Non-Dobson  Russian  filter  photometer. 


Total  ozone  from  b.u.v.  observations 

The  first  application  of  the  Dave  & Mateer  (1967)  method  for  total  ozone  estimation  from 
u.v.  earth  albedo  measurements  was  on  the  Nimbus  4 b.u.v.  Samples  of  the  data  were  processed 
to  establish  the  feasibility  of  the  technique  (Mateer  et  al.  1971)  and  to  indicate  the  nature  of 
time  variations  in  the  global  ozone  field  (Krueger  1974).  In  1976,  as  a result  of  the  increasing 
importance  of  accurate  monitoring  of  global  ozone,  a special  effort  was  organized  to  process  all 
the  available  data  with  the  best  possible  accuracy.  This  effort  included  development  of  improved 
processing  algorithms,  compensation  for  instrument  changes  with  ageing,  careful  review  of  the 
spacecraft  ephemeris  and  attitude  data  and  quality  control  of  the  output  data.  All  the  total 
ozone  data  have  been  reprocessed  and  archived  in  the  National  Space  Sciences  Data  Center. 
Specific  information  as  to  how  to  acquire  the  processed  Nimbus  4 total  ozone  data  may  be 
obtained  by  writing  to  World  Data  Center  for  Rockets  and  Satellites,  Code  601,  Goddard 
Space  Flight  Center,  Greenbelt,  Md.  20771,  United  States  of  America.  There  has  been  an 
e.xtensive  effort  to  assess  the  quality  of  the  resulting  data  set.  The  primary  comparison  has  been 
with  the  ozone  measurements  obtained  from  Ozone  data  for  the  world  as  provided  by  the  Atmo- 
spheric Environment  Services  of  Canada.  All  available  spacecraft  and  ground  data  collocations 
have  been  identified  and  a variety  of  statistics  computed.  Results  from  several  cases  for  the  fint 
2 years  are  shown  in  table  2.  All  possible  cases  meeting  the  collocation  criteria  are  included  in 
each  line  with  no  preselection  of  either  the  ground  or  spacecraft  data.  The  first  line  for  each 
year  is  for  AD-direct  Sun  wavelength  pair  (00  code)  observations  taken  on  the  same  day,  with 
the  centre  of  tlic  spacecraft  ficld-of-view  within  2®  of  the  ground  station.  A scatter  plot  of  this 
set  of  data  is  shown  in  figure  4.  The  second  line  in  the  table  2 categories  is  a subset  of  the  first, 
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with  a colocation  limit  of  1*  and  only  cases  where  the  spacecraft  scene  is  cloud  free  are  included. 
The  third  line  includes  all  types  of  Dobson  data  and  the  fourth  line  is  a subset  of  the  third  in 
which  all  except  the  00  code  data  are  included.  A similar  comparison  of  b.u.v.  dau  and  M>83 
data  is  shown  in  the  last  line  for  each  year.  There  are  four  major  types  of  errors  th^t  contribute 
to  the  overall  variance  between  b.u.v.  and  ground  data  shown  in  this  table:  random  erron  in 
the  b.u.v.  data;  random  errors  in  the  ground  data;  noue  introduced  by  imperfect  colocation  in 
time,  space  and  area  sampled ; and  noise  resulting  from  the  apparent  bi?ses  of  individv  ' ground 
stations  as  shown  in  the  Dobson  intercomparisons  performed  at  Belsk  .<..d  Boulder.  It  is  not 
possible  to  establish  how  much  of  the  bias  between  a specific  ground  station  and  the  b.u.v.  data 
originates  in  the  ground  station;  however,  is  can  be  shown  that  roughly  half  the  overall  variance 
can  be  removed  by  nulling  these  biases  out  on  a station  by  station  basis.  When  reasonable 
estimates  are  made  for  each  of  the  types  of  erron  mentioned  above,  it  appears  that  the  b.u.v. 
data  is  similar  in  accuracy  to  a well  run  Dobson  station. 

Seasonal  variations  of  total  ozone  have  now  been  recomputed  from  the  current  b.u.v.  data 
sets  (Hilsenrath  tt  al.  1978).  A time-latitude  cross  section  of  zonally  averaged  total  ozone  was 
generated  from  average  daily  means  for  10°  wide  latitude  zones.  In  figure  5,  the  total  ozone 
has  been  contoured  with  20  m atm-cm  increments  for  the  26-month  period  from  April  1970 


Figum  4.  Compariion  of  b.u.v.  tout  ozone  estimatioiu  with  coincident  Doozon  spectrophotometer  total  ozone 
meaturements  during  the  period  10  April  1070  to  30  April  1071.  Only  ADDS  Dobton  obtervattons  are 
included. 


to  May  1972  (contours  are  missing  in  the  polar  night  because  there  are  no  observations  during 
that  period).  The  seasonal  march  of  total  ozone  in  the  two  hemispheres  is  clearly  seen.  A com- 
parison with  analyses  of  Dobson  data  (see,  for  example,  London  tt  al.  1976)  reveals  close  corre- 
spondence with  the  major  features  in  the  ozone  climatology.  The  b.u.v.  results  point  up  the 
distinctive  differences  in  the  seasonal  trends  for  each  hemisphere.  These  differences  arc  as 
follows: 

(1)  In  the  Northern  Hemisphere  the  spring  maximum  occun  nearly  simultaneously  at  mid 
and  high  latitudes.  The  maximum  value  occurs  near  the  pole,  with  total  ozone  amounts  of 
about  000  m atm-cm  in  1970  and  decreasing  to  460  and  440  m atm-cm  in  the  spring  of  1971 
and  1972. 


Figure  5.  Time-latitude  crou  section  of  zonally  averaged  total  ozone  obuined  from  the  Nimbus  4 b.u.v.  from 
April  1970  to  May  1972.  The  values  are  given  in  m atm-cm  of  ozone 

(2)  In  the  Southern  Hemisphere  the  spring  build-up  begins  at  50  S in  September  with  ozone 
values  substantially  lower  than  those  in  the  Northern  Hemisphere  spring.  The  maximum  values 
occur  about  1 month  later  at  polar  latitudes.  The  asymmetry  in  the  winter  build-up  in  the 
two  hemispheres  is  indicative  of  differences  in  the  circulation  features  in  the  two  hemispheres. 

(3)  In  the  tropical  regions,  the  average  total  ozone  amount  is  about  250  m atm-cm  and  a 
small  seasonal  variation  is  present,  showing  more  rapid  changes  than  in  the  long  term  Dobson 
averages.  The  ozone  minimum,  which  is  centred  below  the  equator  in  .April  in  both  years  moves 
nor  hward  after  August.  The  lowest  ozone  amounts,  which  are  found  in  the  northern  tropics, 
appear  to  follow  after  Southern  Hemisphere  spring  maximum  and  are  coincident  with  the 
Northern  Hemisphere  winter  build-up. 

A harmonic  analysis  has  been  made  of  the  zonal  mean  data  for  the  2-year  period  (Hilsenrath 
€t  al.  1978).  The  results  of  this  analysis  are  the  following: 

(1)  More  than  90%  of  the  variance  of  the  zonal  mean  values  at  most  latitudes  is  found  in 
the  two  harmonics  that  represent  the  annual  and  semi-annual  waves.  The  search  for  period- 
icities shorter  than  1 month  found  no  amplitudes  greater  than  5 m atm-cm  at  mid  to  high 
latitudes  and  2 m atm-cm  at  low  latitudes. 

(2)  At  mid  to  high  latitudes  the  annual  wave  dominates  in  both  hemispheres.  In  the  Northern 
Hemisphere  the  amplitude  of  the  annual  wave  increases  with  latitude  while  in  the  Southern 


Hemisphere  the  peak  amplitude  occurs  at  00  S in  the  first  year  and  at  60  S in  the  second  year. 
The  amplitude  of  the  annual  wave  is  a minimum  at  the  equator  in  the  first  year  and  at  10  S 
in  the  second  year.  This  shift  in  the  minimum  of  the  annual  wave  could  be  a result  of  the  year 
to  year  change  in  the  strength  and  location  of  the  Hadley  Cell  circulation  in  the  hemisphere. 

(3)  The  semi-a.  nual  wave  was  observed  at  the  higher  latitudes  in  both  hemispheres  for  the 
2 years  and  in  the  tropics  in  the .'  st  year.  This  pattern  is  very  similar  to  the  analysis  by  London 
it  al.  (1976)  of  the  Dobson  data  base.  However,  compared  with  the  annual  wave,  the  fractional 
v.-it  iance  in  the  semiannual  wave  is  significant  only  in  the  tropics  and  at  high  southern  latitudes. 
Tlie  tropical  amplitude  is  small  and  probably  is  only  an  expression  of  the  annual  waves  in  the 
two  hemispheres  and,  indeed,  is  in  phase  with  these  waves.  The  amplitude  of  the  polar  semi- 
.minual  wa\-e  is  about  20  m atm*cm.  This  is  comparable  to  the  amplitude  of  the  annual  wave 
at  SO  S but  only  a quarter  of  that  amplitude  at  80  N- 

Infrared  remote  sensing  of  total  ozone 

The  Nimbus  4 satellite  carried  an  infrared  interferon  .cr  spectrometer  (i.r.i.s.),  which 
provided  measurements  of  the  thermal  emission  spectrum  of  the  Ear'h  and  atmosphere  between 
about  400  and  1600  cm~‘  with  an  apodized  spectral  resolution  of  2.8  cm~'  (Hand  et  al.  1071). 
The  field  of  view  of  the  instrument  projected  on  the  surface  of  the  Earth  was  a circ't  with  a 
diameter  of  approximately  95  km  and  all  data  were  acquired  near  either  local  noon  or  local 
midnight  between  80  N and  80  S.  Measurements  were  essentially  continuous  from  April  to 
December  1970  and  were  available  for  a few  days  in  January  1971. 

The  spectral  measurements  of  i.r.i.s.  in  the  16  pm  CO|  band  were  inverted  to  derive  the 
vertical  distribution  of  temperatu-e  in  the  atmosphere  (Conrath  1972).  Using  these  temper- 
ature data,  together  with  i.r.i.s.  spectral  measurements  in  the  9.6  pm  ozone  band,  Prabhakara 
(t  at.  (1976)  deduced  the  global  distribution  of  total  ozone  for  about  10  months. 

Though  the  i.r.i.s.  was  not  a dedicated  experiment  for  ozone  soundings,  the  9.6  pm  band 
basically  yields  one  parameter  about  ozone.  This  parameter  depends  both  on  the  total  ozone 
and  its  vertical  distribution.  Therefore,  additional  information  must  be  provided  to  obtain  total 
ozone  explicitly.  This  additional  information  is  provided  by  an  empirical  relation,  based  on 
balloon  observations,  which  implies  that  increases  in  total  ozone  occur  mainly  because  of 
increases  in  ozone  concentration  in  the  layers  of  the  atmosphere  below  the  ozone  maximum. 
This  empiricism  and  the  crude  vertical  resolution,  approximately  1 scale  height,  of  the  remotely 
sensed  temperature  profile  in  the  lower  stratosphere  lead  to  a basic  limitation  on  the  infrared 
ozone  remote  sensing  technique  described  by  Prabhakara  it  al.  (1976). 

Since  the  time  of  the  i.r.i.s  flights,  several  temperature  sounding  instruments  have  included 
a channel  to  sense  the  9.6  pm  ozone  band.  Beginning  in  March  1977,  the  multichannel  filter 
radiometer  instruments  on  four  of  the  Defense  Meteorological  Satellite  Program  'rries  of 
satellites  has  included  such  a channel.  Lovill  et  al.  (1978)  have  reported  preliminary  results. 
The  most  recent  9.6  pm  ozone  sensor  is  part  of  the  high  resolution  infrared  radiometer  ^h.i.r.s.) 
sensor  on  the  Tiros  N Satellite,  launched  in  November  1978. 

Despite  the  limitatiotu  of  the  nadir  infrared  method,  good  coverage  of  the  satellite  dau  over 
the  globe  permit  us  to  get  some  gross  information  on  the  geographic  and  seasonal  variation  of 
total  ozone.  The  sensing  capability  at  night  and  in  the  polar  right  could  be  very  useful. 

In  figure  6,  a map  of  the  global  distribution  of  ozone  derived  from  i.r.i.s.  for  the  month  of 
December  1970  is  shown  to  highlight  the  ozone  information  over  .he  northern  polar  latitudes 
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in  winter.  Longitudinal  changes  of  about  100  m atm<cm  can  be  seen  between  the  maximum 
values  east  of  Siberia  and  the  minimum  values  in  the  North  Atlantic.  In  the  tropics  the 
lowest  values  appear  in  the  Indonesian  sector,  perhaps  in  association  with  the  Siberian  ozone 
high.  The  tropical  ozone  tends  to  have  a wavenumber  1 characteristic  throughout  the  year 
with  the  maximum  over  the  Atlantic  as  shown  in  the  December  chart.  The  maximum  amplitude 
of  this  wave  is  in  July  and  August. 


Figure  6.  Mean  global  distribution  of  total  ozone  for  December  1970  obtained  from  the  Nimbus  i i.r.i.s.  instru- 
ment. The  values  are  given  in  m atm-cm  of  <none. 


Figure  7.  Mean  global  distribution  of  total  ozone  for  December  1070  jbtained  from  the  Nimbus  4 b.u.v.  instru- 
ment. The  valvtes  are  given  in  m atm<m  ozone.  This  chart  may  be  compared  with  figure  6. 


In  the  Southern  Hemisphere,  the  December  (summer)  ozone  held  is  fairly  uniform  at  all 
latitudes  except  for  the  Antarctic  regions.  The  i.r.i.s.  December  map  exhibits  a 40  m atm*cm 
zonal  variation  with  the  minimum  located  at  the  same  longitude  as  the  tropical  minimum. 

C0mparatitn  usults  fnm  b.u.v.  and 

A comparison  of  the  ozone  results  from  i.r.i.s.  and  b.u.v.  is  of  interest.  Figure  7 is  a December 
map  of  total  ozone  derived  from  the  Nimbus  4 b.u.v.  instrument.  This  can  be  compared  directly 
with  the  map  derived  from  i.r.i.s.  (figure  6).  In  general  the  observed  ozone  features  from  the 
two  instruments  are  the  same.  Taking  into  account  the  different  contour  intervals  in  the  two 
maps,  however,  some  differences  in  the  absolute  values  can  be  found.  This  is  expected  from  the 
study  performed  by  Prabhakara  et  al.  (1976),  who  demonstrate  a reduction  in  the  seasonal  ampli* 
tude  of  the  i.r.i.s.  total  ozone  amounts.  The  two  satellite  measurements  compare  well  in  the 
tropics.  The  absolute  amounts  are  very  close  and  the  minima  occurring  over  Central  America 
and  Indonesia  are  observed  by  both  instruments.  In  the  Southern  Hemisphere  both  measure- 
ments show  a uniform  latitude  gradient  from  low  to  high  latitudes;  however,  the  b.u.v.  values 
are  about  15%  lower  than  the  i.r.i.s.  values.  In  the  Northern  Hemisphere  the  ozone  high  east 
of  Siberia  and  the  features  in  the  North  Atlantic  are  detected  by  both  instruments.  The  absolute 
values  agree  h'^re  a little  better  than  in  the  Southern  Hemisphere. 

Although  the  two  instruments  were  on  the  same  satellite,  the  data  bases  for  these  maps  are 
not  identical.  B.u.v.  observations  are  possible  only  in  daytime,  while  i.r.i.s.  soundings  are  taken 
day  and  night  and,  in  addition,  during  the  polar  night.  Furthermore,  the  instrument  duty 
cycles  were  not  identical  and  the  data  recovery  varied  between  i.r.i.s.  and  b.u.v.  However, 
it  is  encouraging  that  the  features  are  reproduced  since  the  measurement  techniques  are  vastly 
different. 


Conclusions 

During  the  1960s  and  into  the  1970s,  several  methods  for  remote  measurement  of  ozone  were 
devised  and  tested.  The  most  promising  techniques  for  stratospheric  soundings  in  the  1980s 
seem  to  be  the  backscatter  u.v.  system  for  ozone  profile  and  total  ozone  monitoring  and  the 
limb  infrared  emission  system  for  investigations  requiring  good  vertical  resolution  of  the  ozone 
profile  and  complementary  information  on  air  temperatures  and  trace  constituents.  For  meso- 
spheric ozone  measurements,  the  occtiltation  methods  have  shown  promise,  although  the 
unreasonable  differences  existing  between  experimental  results  must  be  resolved. 

At  present,  several  data  sets  have  been  collected  and  climatological  descriptions  are  being 
assembled.  The  interpretation  of  these  results  in  terms  of  atmospheric  processes  is  only  be- 
ginning. Already,  photochemical  modelling  has  been  guided  and  theories  tested  by  the  satellite 
data.  The  ultimate  utility  will  perhaps  be  found  after  the  chemistry  is  well  understood.  At  that 
point  the  global  ozone  data  can  be  used  for  tracing  air  motions  as  a complementary  source  of 
information  for  dynamic  models  of  the  atmosphere. 
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Tropospheric  UV  flux  calculations  and  photolysis  rates 
for  use  with  zonally  and  diumally  averaged  models 


Gregory  L.  Matloff  and  Richard  W.  Stewart 


A computationally  fast  and  tfficiant  method  for  calculating  tolar  UV  fluxes  in  the  tropoaphere  is  developed. 
Calculated  fluxes  compare  favorably  with  more  rigorous  multiple  scattering  results,  and  qualitatively  correct 
behavior  of  the  direct  and  diffuse  flux  components  is  maintained.  In  view  of  the  relatively  lara-j  uncertain- 
ties in  other  aspects  of  tropospheric  photochemical  models,  the  use  of  approximate  UV  flux  cdculatiorw  ap- 
pears warranted.  The  technique  is  applied  to  the  calculation  of  photolysis  rates  for  twelve  signiflcani  photo- 
lytic  reactions  of  nine  species. 


I.  Introduction 

Many  problems  of  current  interest  in  climatology 
and  environmental  quality  require  an  understanding 
of  the  trace  species  composition  of  the  global-scale 
troposphere.'  This  composition  is  determined  largely 
by  the  photolysis  of  ozone,  nitrogen  dioxide,  and  several 
other  species  by  UV  radiation  in  the  290-WO-nm  region. 
The  calculation  of  the  associated  photolysis  rates  is  an 
'•sential  element  in  photochemical  model  descriptions 
of  the  troposphere. 

The  many  uncertainties  in  chemical,  radiative,  and 
physical  parameters  which  enter  into  model  calculations 
require  that  a range  of  sensitivity  studies  be  carried  out 
to  determine  model  response  to  reasonable  parameter 
variations.  This  requirement  can  only  be  met  if  no 
single  detail  of  the  computational  scheme  is  severely 
rate  limiting.  The  rigorous  calculation  of  tropospheric 
fluxes  and  photolysis  rates  can  potentially  limit  the 
range  of  model  sensitivity  studies,  since  it  involves 
multiple  scattering  calculations  that  can  consume 
substantial  amounts  of  computer  time.  To  avoid  such 
difficult'es  and  because  >he  effect  of  neglecting  d lailed 
radiative  transfer  considerations  on  computed  photol- 
ysis rates  was  unknown,  earlier  photochemical  models 
of  the  troposphere  and  stratosphere  tended  to  treat 
molecular  absorption  as  the  only  UV  flux  attenuating 
mechanism.  However,  recent  multiple  scattering  cal- 
culations*~*  have  shown  that  other  physical  interactions 
of  the  solar  flux  with  the  atmosphere  and  ground  can 
significantly  influence  the  values  obtained  for  the  am- 
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bient  UV  flux.  It  is,  therefore,  desirable  to  use  flux  and 
photolysis  rate  calculations  that  give  reasonably  accu- 
rate results  when  compared  with  more  rigorous  tech- 
niques, avoid  the  time  consuming  complexities  of  such 
'techniques,  and  are  readily  incorporated  into  existing 
global  tropospheric  models.  The  development  of  such 
a calculation  is  the  objective  of  this  paper. 


II.  Computational  Mathod 
A.  Fluxes 

The  solar  UV  flux  at  wavelength  X and  altitude  Z in 
the  troposphere  will  be  expressed  as  the  sum  of  direct, 
scattered,  and  reflected  components: 

fx(Z)  - fov(^)  + fUZ)  + fllZ)  + fxuZ'.  U) 

where  f ‘ and  F*  indicate  forwardscattered  and  back- 
scattered  fluxes,  respectively.  The  flux  and  its  com- 
ponents are  also  functions  of  latitude  and  season,  but 
explicit  dependence  on  these  factors  is  suppressed  in 
Eq.  (1)  to  simplify  the  notation. 

The  direct  flux  is  attenuated  by  molecular  absorption 
and  scattering  aad  by  aerosol  scattering.  In  addition 
it  is  modified  by  factors  expressing  the  mean  cloud  cover 
and  the  sunlit  fraction  of  the  day  (diurnal  average). 
'I'he  direct  flux  in  our  formulation  is  thus  expressed 
as 

Fp^(Z)  • • T,  ■ T„.  (2) 

where  Fq{\)  is  the  UV  flux  at  the  top  of  the  atniosphere, 
Dll/' ,5)  is  the  sunlit  fraction  of  the  day  as  a function  of 
latitude  i/  and  solar  declination  5,  /(i/.6)  is  the  me  tn 
fractional  cloud  cover,  and  7tZ)  ■ 0 or  1 depending  on 
whether  Z > ot  Z < Z^,  where  Z^  is  the  associated 
cloud  height  Tot,  To.  and  Tp  are  the  transmissions  due 
to  ozone  absorption,  Rayleigh  scattering,  and  aerosol 


scattering.  For  convenience  in  the  following,  we  define 
a modified  flux  by 

fo(^)  - fo(.\)D(^.4)[l  -M.i)y{Z)\T„.  (3) 

We  approximate  the  forwardscattered  flux  by  as- 
suming that  half  of  the  flux  scattered  out  of  the  direct 
beam  by  the  atmosphere  above  Z is  returned  to  the 
downward  flux  by  further  scattering  events: 

F-iZ)  - •*  r.-  Tp).  (4) 

We  are  implicitly  assuming,  in  Eq.  (4)  and  the  following 
expressions,  that  ozone  absorption  occurs  above  the 
troposphere  and  that  scattering  provides  the  major  at- 
tenuating mechanism  beluw  the  tropooause. 

The  backscattered  flux  is  appiox.maled  by  the 
analogous  assumption  that  half  the  flux  scattered  out 
of  the  direct  beam  between  altitude  Z and  the  ground 
is  returned  by  further  scattering.  There  is  an  added 
complication  in  this  case,  since  the  modified  flux 
reaching  the  ground  may  be  less  than  the  modified  flux 
at  Z due  to  the  presence  of  clouds.  At  altitude  Z > Ze, 
we  must  thus  consider  backscattered  radiation  from 
above  and  below  the  cloud  layer.  If  Fo(2f+)  and 
Fo^Zc  ~ ) denote  the  modified  fluxes  just  above  and  just 


below  the  clouds,  for  altitudes  Z > Zc  we  have 
F\z)  - - r„(Ze)rp(Zj| 

-V-Fo(Z)(l  - r.(2)Tp(Z)i  + 

X [I  - r«lO)TpiOI|  - ->|l  - fpiZc) 

X rp(Zc)imz.Zf».  (5e) 

while  below  the  clouds 

F’iZ)  - 4^"o»o)(i  - fa(0)rp(0)| 

- '/iro(Z)[i  - r.(Z)rp(Zi|.  (Sb) 

T(Z,Z()  in  Eq.  (5al  is  the  transmission  between  altitude 
Z and  Zc  and  is  given  by 

t(Z.Z,)  - Tt^Z'lT|,^Z^)iT,{2,)Tp^Z,)  (6) 

For  the  retlected  flux  we  assume 

A‘«(Z)-C(Z,)..4,./(i;.j>.r(z,z,) 

tftu)  • .4c(\^,5)  • r(Z,0),  (7) 

where  .4,.  and  are  the  cloud  and  ground  albe- 

dos. and  G(Z)  is  the  net  downward  flux  at  Z: 

C(Z) -FotZ) + fi(Z)  (8) 


T(Z.O)  is  the  transmission  between  Z and  the  ground 
given  by  an  expression  analogous  to  Eq.  ;6). 

B.  Flux  Modification  Factors 

Shettie  and  Green*  i hereafter  SG)  and  Nack  and 
Green-’  have  published  multiple  scattering  calculations 
of  the  solar  UV  flux,  which  includes  effects  of  molecular 
absorption  and  scatt  -ng,  aerosol  scattering,  cloud 
attenuation,  and  grouuu  albedo.  To  facilitate  com- 
parison of  our  results  with  these  more  rigorous  calcu- 
lations. we  will  use  the  same  parameterizations  of 
physical  quantities  as  SG-  whenever  possible.  Some 
of  these  will  be  extended  to  include  latitude  and  sea- 
sonal dependence. 

For  the  incident  solar  flux  at  the  top  of  the  atmo- 
sphere. we  use  the  same  approximation  as  SG; 


fo(,\)-Kll + (.V-Xo)/<<|.  (9) 

with  K « 0.552  \\7m-  nm,  Xo  ■ 300  nm,  and  d ■ 37 
nm. 

The  factor  1 - ,5)1(2)  i t Eq.  (2)  accounts  for  the 

blocking  of  solar  radiation  by  i 'vud The  mean  frac- 
tional cloud  cover  given  in  Cl AP Monographs  I and  4*  ® 
may  be  described  by  the  following: 


0.55-  0.2<in3.64 

90‘S  > 4 > 

30*S 

soring 

0.4“  + 0.07  «in9.(^ 

30*S  2 4 > 

0* 

lummer 

0.6  - 0.2tin4.S4 

90*N  >42 

0* 

0.51  — 0.11  sin4.34 

90’S  > 4 > 

0* 

winter 

0.48 

30»N  > 4 a 

0* 

fall 

0.60  - 0.17  sin4.34 

90*N>4  2 

30*  N 

We>approximate  diurnal  averaging  by  multiplying 
the  instantaneous  flux  by  the  factor  D(^  ,6),  which  is  the 
daylight  fractir  i of  the  day.  5 here  specifies  the  solar 
declination.  An  expression  for  D is  obtained  from  the 
relation  between  solar  zenith  angle,  latitude,  declina- 
tion. and  local  hour  angle. 

co»8  ■ $m4  sini  co»4  co»4  cosfif,  (11) 

where  Q * 2x  day"’,  and  f is  the  time  in  day-s  measured 
from  local  noon.  Sunrise  and  sunset  occur  at  times  such 
that  cost)  » 0,  and  these  times  are  symmetric  about  local 
noon.  The  daylight  fraction  is  thus 

0(4.4)  “ -co»"'l~t*n4  tani] 

*■ 

<12) 

0(4.4)  ■ 0 if  |un4  uniSi  > 1 (polarnight) 

, 

We  note  that  the  mean  solar  zenith  angle  to  be  used  in 
the  air  mass  calculation  [Eq.  ( 10)]  is  obtained  from  Eq. 
(12)  as 

com)  • sin4  >in4  — cos4  co»4.  (13) 

T 

We  are  neglecting  small  corrections  required  in  Eq.  ( 12) 
and  Eq.  (13)  for  altitudes  Z > 0 in  the  troposphere. 

C.  Transmissions 

The  only  absorbing  gas  of  consequence  for  UV  ra- 
diation, which  affects  the  troposphere,  is  ozone.  The 
optical  depth  for  ozone  absorption  is  given  by 

r4(-\.4.Z)  ■ *(,\)IV(Z)F(4.4).  (U) 

where  k[\)  is  the  ozone  extinction  coefficient  as  j 
function  of  wavelength  A,  W(Z)  is  the  mean  global  ozone 
burden  above  altitude  Z,  and  P(4 .5 ) is  the  ratio  of  ozone 
burden  at  latitude  4 during  a season  specified  by  the 
solar  declination  5 to  the  mean  global  ozone  burden. 
For  kt\),  we  adopt  the  same  e,xpression  used  by  SG-’: 

*(,\)  ■ *o»xpi~('^  - Xo.rf],  1 15) 

with  ko  ■ 10  cm"’,  \o  • .300  nm.  and  d ■ 3 nm.  This 
provides  a close  fit  to  measured  ozone  absorption 
coefficients  over  the  280-340-nm  region.  The  ozone 
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T«M«  I.  0««mw«rd  Qtob.  I Phii  (W/M<  nm) 


Wavelength  (nm) 

Solar  tenith 

••Hi* 

6* 

?6‘ 

305 

0.70 

0.045 

0.016 

7.9E-4 

310 

0.172 

0.125 

0.060 

8.5E-3 

315 

0.296 

0.228 

0129 

0.032 

320 

0.414 

0.331 

0.205 

0.069 

325 

0.515 

0.420 

0.273 

0.108 

330 

0.602 

0.495 

0.330 

0.142 

Nott:  Ground-Uvcl  clcar-sky  solar  UV  fluxM  computad  with  tha 
alforithms  dascribad  in  tha  taxt.  Tha  raflactad  flux  has  baan  sat  to 
zaro  and  tha  daylight  fraction  takan  as  ona  to  facilitata  comparison 
of  thaaa  raaults  with  thoaa  of  Shattla  and  Graan.^ 


variation  P(^,5)  will  not  be  used  in  the  calculation  in 
Sec.  Ill,  Table  I,  since  we  wish  to  compare  our  calcula- 
tions with  SG  who  assign  varicus  constant  ozone  bur- 
dens. We  will  simply  take  W(Z)  x P(yp,8)  ■ 0.32  cm 
atm  for  our  standard  calculation  presented  below. 

The  optical  depth  at  altitude  Z due  to  molecular 
scattering  is 


r.(X.Z)-k.(X)-W.(Z).  (16) 

We  adopt  the  same  expression  as  SG-  for  the  extinction 
coefficient  kaW: 


*«(X)  ■ *0  ’ 


(17) 


with  feo  “ 0.145  km~^  \o  ■ 300  nm,  and  v * 4.27.  As- 
suming an  8-km  scale  height  for  the  troposphere,  the  air 
burden  above  Z will  be  taken  as 


W*(Z)  ■ 8.423  «xp(-Z/8)  km  atm,  (18) 

where  the  8.423  (total  air  mass)  follows  SG.-  The  op- 
tical depth  for  aerosol  scattering  is  again  expressed  by 
a function  of  the  form 


(19) 

where  latitude  dependence  is  introduced  through  the 
dependence  of  the  extinction  coefficient  on  predomi- 
nantly continental  or  maritime  air.  From  the  data  of 
Selby  et  al.''  'ne  find 

0 2 i^30Nori^>70N] 

Xp  I X.iA)  - -0.56X -1-0.47  <50N<i^S70n|  (20) 

-0.42X  -t-  0.37  30N  S < 50N  j 

For  the  aerosol  altitude  distribution  we  again  adopt  the 
SG^  formulation 

+ ;.-33«xp>r) 

[0.4 -t-eiputp  [2840  ■)■  #xp(z/2.5)l- 

and  we  compute  Wp(Z)  as 

Wp[Z)  • J' p{Z)dZ.  (22) 

The  transmissions  Toz.  Ta.  and  Tp  are  related  to  the 
various  optical  depths  by 

T,(Z,8)  ■ exp|-T,iZ)  • .W(8)|.  (23) 

where  i stands  for  any  of  the  subscripts  or,  a,  and  p.  and 
M{0)  is  the  relative  air  mass  at  zenith  angle  8.  We  ne- 


glect the  slightly  different  air  masses  associated  with  the 
different  attenuating  species  by  SG^  and  take 


m»)> 


1 - 


lin^e 

(1  4-  fi/R)»l 


where  R is  the  earth’s  radius 
km. 


6371  km,  and  h 


(24) 

- 8 


III.  Flux  Results 

Table  I shows  the  result  of  a sample  flux  calculation 
using  the  algorithms  described  above.  The  calculations 
shown  here  were  programmed  on  a Radio  Shack 
TRS-80  microcomputer,  and  many  cf  the  initial  calcu- 
lations and  tests  were  programmed  on  a Texas  Instru- 
ments SR-52.  In  order  to  compare  these  calculations 
with  SG,3  we  have  computed  clear-sky  fluxes  at  ground 
level  and  arbitrarily  set  the  reflected  flux  to  zero.  The 
daylight  fraction  was  also  set  to  one.  For  wavelengths 
it3l0  nm  and  zenith  angles  <70°,  these  fluxes  differ 
from  those  of  SG  by  5 10%.  At  wavelengths  £305  nm 
and  for  a zenith  angle  of  70°  at  ail  wavelengths,  larger 
discrepancies  occur  with  a worst-case  difference  of  37%. 
More  important  than  the  absolute  accuracy  of  the  re- 
sults is  the  fact  that  these  calculations  exhibit  qualita- 
tively correct  behavior  for  the  relationships  between  the 
various  flux  components.  For  example,  the  ratio  of 
downward  diffuse  to  direct  solar  flux  increases  with 
solar  zenith  angle.  The  ratio  is  1.4  at  the  equator  for 
320-nm  radiation  and  increases  to  6 at  60°  zenith. 

These  results  encourage  us  to  use  the  above  compu- 
tationally efficient  algorithms  for  photolysis  rate  cal- 
culations in  tropospheric  photochemical  models.  In 
view  of  the  relatively  large  uncertainties  in  the  photo- 
chemistry, the  flux  calculations  described  above  will  not 
be  the  limiting  factor  in  the  accuracy  of  such  models.  It 
is  the  relative  computational  ease  and  ample  opportu- 
nity for  sensitivity  studies  that  distinguishes  this  ap- 
proach from  others. 


I 


Fig.  1.  Variation  of  total  transnnitaion  with  height  h season,  and 
latitude:  .X — Dec  N40*;  B — Apr/Sept  N60*:  C — June  S40*  D — June 
N60*;  E — .Apr/Sept  S60*:  F — Dec  N20*  and  .Apr/8ept  N'40*;  C, — 
■June  N20*.  June  S40*.  and  Dec  S60*;  H — ^June  0*  and  .Apr/Sept 
N20*;  I—Apr/Sept  S40*  and  Dk  O*-  J— June.  .Apr/  sept.  Dec  S20*. 
and  -June  N20*;  and  K— Apr.  Sept  0* 


Total  transmiuion  variation  with  height,  season,  and 
latitude  is  presented  in  Fig.  1.  Sea-level  total  trans- 
mission is  presented  in  Fig.  2 as  a function  of  season, 
latitude,  and  wavelength.  In  these  calculations,  the 
osone  variation  P(^,5)  was  obtained  from  the  graphical 
data  of  DQtsch.*  Ground  albedo  was  calculated  as 
discussed  in  Sec.  IV. 

IV.  Photolysis  Rate  Calculations 

For  use  in  zonally  and  diumally  averaged  tropo- 
spheric chemistry  models  photolytic  rates  were  required 
as  a function  of  latitude,  season,  and  height.  These 
rates  were  desired  in  a form  that  could  be  readily  in- 


Fif . 2.  Total  tranamiMioii  at  aaa  laval  u a function  of  laaaon,  lati- 
tuda.  and  aravalangth.  Tha  curva  shown  for  Apr/Sapt  N20*  is  for 
April;  at  0.3  itm,  Tsao  ■*  40%  hifbar  in  Saptambar. 


corporated  in  currently  existing  computer  codes  for 
tropospheric  chemistry. 

Photolysis  rates  are  the  wavelength  integrated 
product  of  extraterrestrial  solar  flux,  total  transmission 
function,  species  atomic  cross  section,  and  quantum 
efficiency.^  For  reactions  lb,  2, 4, 5,  and  6 of  Ref.  10, 
such  information  is  directly  available  from  Chap.  5 of 
Refs.  5 and  11.  Where  possible,  the  newer  values  of  Ref. 
11  were  used,  with  the  most  recent  of  Hudson’s  two 
absorption  cross  sections  used  for  reaction  R5.  Other 
photolysis  rates  were  calculated  as  follows.  For  Rla, 
we  plotted  the  O3  visible  absorption/Oa  UV  absorption 
vs  seer  from  Table  13  of  Ref.  8 and  were,  therefore,  able 
to  use  the  UV  data  in  Chap.  5 of  Ref.  5.  For  R3a  and  b, 
we  used  the  estimate  in  Ref.  1 for  an  overhead  sun  and 
clear  sky,  corrected  for  secz  by  analogy  to  Ref.  12  and 
then  corrected  only  for  factors  D and  f.  For  R7  and  R9, 
we  corrected  Table  30  of  Ref.  9 for  D and  /,  and,  for  R8a 
and  b,  we  corrected  the  result  of  Ref.  12  for  D and  f.  In 
all  calculations,  ground  albedo  equals  0.1>0.2,  from  pp. 
444-449  of  Ref.  13,  and  cloud  albedo  was  set  equal  to 
0.52.^3  For  wavelength  X > 340  nm,  the  flux  values  of 
Leighton,^  rather  than  Eq.  (9),  were  used. 

The  resultant  photolysis  rates  are  presented  in  Table 
II  for  sea  level  (h  ■ 0).  These  results  can  be  used  for  h 
^ 0 using  Fig.  1. 

It  was  gratifying  to  note  that  direct  integration  re- 
sulted in  J5  • 0.35J2  in  Table  I,  as  was  assumed  in  Ref. 
10.  Also,  these  photolysis  rates  vary  with  height  in  the 
same  general  manner  as  those  of  Ref.  4 for  low  surface 
albedo.  The  photolysis  rates  in  Table  II  are  also  in 
rather  good  agreement  with  the  more  approximate  rates 
for  some  reactions  that  are  tabulated  in  Ref.  9. 


TaattX  WwiMlty  mt  lowSf  Sa«-C»>»>  WwtWym  a«<— 
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0.7 

4.5 
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N40 

1.7 
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17 
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3.5 

2.5 
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1.6 

3.9 

19 
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3.3 
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1.7 
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1.7 

10 
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3.2 

14 
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15 

10.5 

1.4 

3.6 

Dtc 

0 

IS 

13 
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15 
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8.0 

1.9 
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1.0 

17 

Dtc 
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’1 

0.61 

1.8 

0.59 

1.4 

1.2 

5.7 

l.O 

4.4 

0.5 

1.5 

Dtc 

N40 

1.1 

0.01 

0.8 

0.24 

0.6 

0.4 

16 

0.2 

1.9 

0.2 
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1.2 
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1.2 
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3.6 
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N20 
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1.3 

7.1 

0.9 
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1.1 
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Junt 

S40 

1.4 

0.04 

1.0 

0.26 

0.7 

0.5 

19 

0.2 

11 

0.2 

0.6 

* Photolyti*  ratM  Jlla).  Jl(b),  *tc.  corrMpond  u>  rtactioiw  Rl(a>.  Rl(b),  ttc.  from  Rtf'.  10.  .A  tabit  tntry  3.5  E-3  it  idttmcal  to  -3.5  x 10~’. 
Aaauinad  J9  ■ J7  at  in  Rtf.  10.  Tht  rtitvaiit  raactiona  art  Rlfal;  Oj  — Oj  + OtRKbf:  Oi  — 0i  + 0(‘D):R2:  NOj  — NO  + 0;  R3(a»:  NOj 
- NO  Oi;  R3(b):  NOi  - .NO,  0:  RA:  N,0,  - NOi*  NO,.  R5.  H.NO,  - OH  .NO:  R6:  HNO,  ^ OH  NO,;  RT:  H,0,  - ’OH: 
R«<a»:  HtCO  - HCO  + H;  R8(bl:  H,CO  - CO  H,;  RO:  CH,OOH  - CH,0  + OH. 
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Meeting  on  Atmospheric  Spectroscopy,  Dillon,  Colo- 
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SWKAKy 

DiMerentlAl  Ateorptlon  lldor  using  • duel  vevo- 
length,  pulsed  CO2  IttOT  «nd  dirset  detsctlon  rocelvor 
on  boerd  the  Specs  Shuttle  is  cepeble  of  elgntf icently 
improving  the  esietlng  globel  dsta  beee  on  tropospheric 
otons  burden.  A ground  besed  prototype  of  tWe  llder  la 
currently  under  test  in  the  AsltUore-Nsehlngton  sree. 
The  DIAL  instruaent  aessuree  becAecsttered  Iseer  energy 
At  tsw  selected  atevelengthe  in  the  0.4  pa  bend  of  cat* 
bon  dioside.  Vtll  known  dlffArentlAl  Absorption  elgo* 
rithns  end  O3  Absorption  lint  pArsaetere  are  used  elong 
with  MAtured  Iseer  energies  to  compute  Oj  concentre* 
tlone.  Date  acquisition,  recording,  and  ar.alyela  aro 
performed  in  ntar  real  time  with  a CAHAC  aicroproceeeor. 

Sensitivity  to  tropospheric  oaone  can  be  obtained 
in  the  apaceborne  version  of  this  Ildar  by  selecting 
later  lines  located  in  the  wings  of  the  target  oaone 
lines.  Substantial  absorption  occurs  only  in  the 
tiopcsphere  where  pressure  broadened  ozone  lines 
overlap. 

Simulation  Atudlea^  using  various  Isaar  llna  pairs 
in  the  P'branch  of  the  COg  g.4  Mb  band  show  that  the 
osone  burden  retrieval  may  be  weighted  to  particular 
altitude  regions.  The  P(321,  f(24)  line  pair  is 
particularly  suited  to  lower  tropospheric  oaone  aeasuxs- 
rents  while  other  line  paira  can  be  chosen  (or  eensi* 
tivity  to  upper  tropospheric  or  etrstoepherie  oaone 
asounte.  A good  firet  eatieata  of  tropospharic  oaone 
burden  can  thus  be  provided  by  the  CO2  DIAL  eyetem  using 
the  ri23),  f(34)  llna  pair  whila  aora  accurata  values 
can  bs  daducad  from  eubsequant  usa  of  othar  laaar  Unas 
or  from  measursmants  such  as  aatallita  iUV  which  pro- 
vide eccurate  burdan  saasurementa  of  itratoephsrie 
orona. 

Theta  simulation  atudias  are  baaed  on  numerl'tsl 
integration  of  differancee  in  absorption  coefficlont 
profllea  at  the  two  aelectod  laaar  wavelangtha  using 
the  AfGL  Absorption  line  parameter  cceipi  let  lone,  0.  g. 
StsAdard  Atmosphaia  osona  proflla,  and  lasar  software.^ 

Simulatioa  at  well  aa  data  collection  and  reduc* 
tion  are  performed  by  an  141*11  baaed  sicroproeeeeor 
subeystM  of  the  00]  Ildar.  Software  control  of 
all  these  functions  provide  a fleaibility  in  changing 
data  collection  formats  and  data  roduction  algorithms. 

IWTNOWCTIOW 

A carbon  dieaids  diffsrantlal  absorption  lidar 
using  a dual  wavalangth  pulaod  laaar  transmittsr  end 
direct  detector  receiver  ie  cepeble  of  space-based 
burden  maseuimaents  of  eeverel  euaoephsric  epecies. 
Potential  target  constituents  era  those  which  have 
bands  in  ths  Vll  um  spectral  r«gi  ' end  can  thus 
Absorb  radiation  milttad  in  tha  9. . pm  and  10.4  wm 
bends  of  tha  COj  Isaor.  Ths  possibility  of  gaining 


information  on  tropoophsrie  osons  is  of  ilculsr 
intarsst  ainco  it  is  Involvsd  in  most  aspects  of  gle* 
bsl-acalo  tropospheric  phetochsmistry#  its  sourcs  and 
airJi  mechanlmi  ars  a subject  of  current  scientific  ds* 
bets,  and  an  adequate  global  data  baas  Is  preaantly 
Uckln,.*-* 

In  thii  pnpnr  w.  .Ill  d..ctlb.  • ■Icroproc.a.ar 
centi.U.d  Lldu  ly.tM  curr.ntly  undu  cen.trwtlon 
*t  th.  MSA  Goddud  fp*c.  rllght  Cwitu  and  con,ld.r 
.ca.  cf  th.  problwi  Invelvad  In  ■nkln,  ip.c.*b...d 
•M.ujMwit*  of  tropotfh.rlc  non*. 
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The  Natural  and  Perturbed  Troposphere 

RICHARD  W.  STEWART.  SULTAN  HAMEED.  and  JOSEPH  PINTO 


Attirm^U  li  M«  patnay  KMRMd  liiat  dM  tNp«pti««  ii  t 
N^M  Of  pMt  ctMoiicil  compiixily  tad  dMt  mtay  haoun  tctMtfM 
augr  tlltr  Sm  chmical  tcraciuM  of  dM  it|laa.  A piaNqiiUti  to  tay 
iMltMk  MMiMMat  of  immin  Uapactt  on  poQadoa  tad  dfanalt  it  ta 
aadtnttadlai  of  dM  aataftl  ba^ii  of  ttmoipiMck  pm.  TEIi  n* 
aairn  • dttiM  kaowMp  of  phydeal,  chtoii^  tad  bMoftctl  pio- 
mm  wldtia  dM  vtdow  rnttroiit  which  tic  birohrad  ia  Wt  cycMi  of 
Ihm  pm.  IXii  ptp«  (bat  nvimn  th«  ptocttm  hapottaal  ia  Mtah> 
Mdag  dM  eoacaatndoat  of  t aambtt  of  bopoiphtifc  tpadta  tad 
ditcatm  ppt  la  oar  eatnal  aadantaadia|  of  thm  piocmti.  Wa 
Mtadfy  dM  poiati  at  which  maa  may  hitatraiM  la  the  maiot  cyciaa  of 
tmoiplMiic  pm  tad  daceiiha  the  potaibla  contaouaam  of  aich 
bUtrraadoaa.  Rodataaa  laiaiaad  lalo  the  tcopoaphan  may  advamiy 
afliKt  dM  aavbonaMol  by  rittaa  of  thtb  ebamkat  iaHiacdoaa  with 
odMi  atmoaphaiic  ipaciaa,  diab  ladiadvc  ptopatdat,  or  both.  Piobtami 
dlaraiaad  ia  thia  laviaw  faicioda  iha  powd)  ot  atmoaphade  COj  laaalt- 
las  boo  dia  baniiai  of  foad  (Mt  lad  ill  potaibla  eifaaadc  alfacta, 
dM  coacaqaaom  of  inert  aaad  iavab  of  CO  tmltdon  oa  tha  lalf- 
eiaaaiins  a^ty  of  dM  bopotphata  tad  on  the  radiadon  budpt,  tad 
poadbla  chaasM  ia  tha  itiatotphaik  odd  nibofM  tad-oaona  tnooalt 
daa  to  Inctmad  «ia  of  fartittim  in  asnculluia.  Tha  m^ituda  of 
dM  paituibadoat  piadletad  by  radout  modal  itudiat  ata  laaiawad  with 
paiticiiiai  atttadon  to  aacartaiadat  which  may  tffact  tht  tatalti. 


I.  Introduction 

Although  problems  of  urban  pollution  havo  been  studied 
for  many  years,  the  fact  that  the  global-scale  tropo.tphete 
la  an  extremely  complex  chemical  system  subject  to  a variety 
of  anthropopnic  perturbations  is  only  now  being  appreciated. 
Varioau  ppocu  of  the  photochimittry  of  tht  natural  tropo- 
sphere have  boon  described  by  several  authors  [1]*[3].  An 
understanding  of  the  chemical,  biological,  and  physic^  pro- 
cessas  affecting  the  conccntrationi  of  trace  species  in  clean 
troposphsric  air  it  clearly  a prerequititt  to  any  realistic  ataeu- 
ment  of  tht  affsett  of  human  actlvitiea  on  tha  state  of  the 
atmosphere.  Although  nujor  problems  remain  in  identifying 
lourcM,  tinkt  end  chemical  reaction  paths  for  some  species,  it 
dots  appear  that  t;opoiphttic  models  can  be  constructed 
which  ate  contlttent  with  much  of  our  present  knowledge  of 
the  conccntriP.-»s  of  trace  speciu  and  their  chemical  reaction 
r«t«.  At  least  a qualiutive  understanding  of  tht  impact  of 
industrial  activities  on  the  global  scale  troposphere  may  be 
anempted. 

Changes  in  the  natural  abundance  of  trace  species  are  of 
concern  for  one  or  both  of  two  reasons.  A particular  gas  may 
abiorb  infrared  radiation  emitted  by  the  earth's  surface  and 

MaauMilpi  leoMved  July  23, 1977;  rsvbid  September  30, 1977. 

R.  W.  Steemrt  is  with  the  NASA  Institute  (or  Spece  Studies.  Goddard 
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31 


thus  contribute  to  the  greenhouse  effect  and  the  climatic 
state.  Changes  in  the  concentration  of  such  a gas  would  thus 
have  e direct  Influence  on  climite.  The  spectral  region  from 
about  8 to  12  iun  ii  of  particular  importance  since  this  in- 
cludes the  central  portion  of  the  Planck  spectrum  radiated  by 
the  earth  and  is  alio  a relatively  clear  "window”  in  which  few 
natural  constituents  absorb  strongly.  Other  species  have 
undesirable  chemical  properties,  i.e.,  they  are  toxic  substances, 
and  still  other  gases  may  possess  both  thermal  and  toxic 
properties.  It  is  also  possible  that  a species  which  is  innocuous 
in  itself  may,  through  chemical  interactions,  alter  the  concen- 
trations of  harmful  species.  The  problems  involved  in  studying 
the  impact  of  anthropogenic  emissions  can  be  quite  complex 
and  have  many  rimifleations. 

The  study  of  the  chemical  and  climatic  effects  of  industrial 
emissions  into  the  atmosphere  is  just  beginning  and  it  is  clear 
that  a quantitative  assessment  of  these  effects  requim  an 
understanding  of  the  complex  interactions  of  species  within 
the  atmosphere  and  of  the  atmosphere  with  other  physical 
systems  such  as  the  oceart,  lithosphere,  and  biosphere.  In  this 
paper  we  will  review  our  current  knowledge  of  the  budgets  of 
various  species  in  the  natural  troposphere  and  discuss  the  ways 
in  which  man  is  intervening  in  these  budgets  ind  the  possible 
consequences  of  such  Inteiventions. 

n.  Abundances  of  Tropospheric  Gases 

The  concentration  of  a particular  species  is  determined  by 
compedtion  between  various  production  and  loss  processes. 
These  processes  may  consist  of  physical,  biological . or  chemical 
interactions  betwnn  the  atmosphere  and  other  geological 
systems  or  they  may  consist  of  chemical  and  physical  inter- 
actions  within  the  atmosphere  itself.  With  the  exception  of 
the  noble  gues,  all  tlemenu  in  the  atmosphere  undergo  ex- 
chtnge  processes  between  trie  atmosphere  and  other  reservoirs. 
The  sum  of  these  exchange  processes  constitutes  a “cycle"  for 
the  element  (or  species)  in  question  and  the  average  time  an 
atom  or  mt^tcult  spends  in  a pixticular  reservoir  is  lu  lifetime 
or  residence  time  in  that  reservoir. 

A convenient  way  of  considaring  tha  multitudt  of  trace 
spedet  of  importance  in  the  troposphere  is  to  organize  them 
into  certain  elemental  groups  u shown  in  Table  I.  The  flnt 
two  columns  of  this  table  give  the  name  and  chemical  symbol 
of  vinous  tropospheric  species.  The  third  column  gives  the 
mixing  ratio  which  for  most  species  must  be  calculated  since 
their  abundances  are  too  small  to  measure.  Thou  species 
concentrations  which  have  been  measured  art  indicated  by  (m) 
in  this  column;  calculated  values  were  derived  by  the  preunt 
authors  snd  repreunt  daytime  averaged  midlatitude  values. 
The  lifetimt  of  a species  (column  4)  u related  to  its  mixing 
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ntio  in  thit  thoM  which  an  highly  nactiva  and  hava  short 
Ufatifflas  wiU  ganarally  hava  anall  abundancat.  Absorption 
bands  in  tha  thaimal  IR  an  indicawd  in  cdumn  S.  Sourcas 
and  links  of  tha  various  spacias  an  diKussad  balow;  coiunins 
6 and  7 of  Table  I nota  wfaathar  tha  sourcas  ud  sinks  for  a 
particular  spacias  an  primarily  anthropofcnic  (A),  biological 
cr  microbiological  (B),  chamical  nactions  in  tha  «>motr>hen 
(C),  or  physical  (P). 

□I.  Thi  Oxygen  Group 

The  most  abundant  member  of  this  group,  molecular  oxygen 
(Oi),  is  a major  constituent  comprising  about  20  percent  of 
the  stmcsphen.  The  oxygen  cycle  lus  been  nviewad  by 
Walker  [4]  and  by  leveral  othen  [5]  >(7]  in  the  ctmtaxt  of 
discussions  of  the  carbon  cycle.  To  address  the  question  of 
intervention  by  human  acnvities  in  the  oxygen  cycle  wa  must 
non  that  than  an  two  diiTannt  time  Kales  in  which  oxygn 
is  axchangad  between  tha  atmosphan  and  terrastrial  nseivotis. 
Tha  shorter  of  these  time  scales  involves  the  exchange  of  about 
3 X 10*  Mt/yr  of  oxygen  between  tha  atmosphan  and  bio* 
sphen  via  proressas  of  photosynthasit  and  respintion  and 
decay.  The  reaarvov  of  atmospheric  oxygen  invoived  in  thit 


axchange  (10*  Mt  oxygan)  it  much  largar  than  the  reservoir  of 
biospheric  carbon  (3i  X 10*  Mt)  or  of  as-ailable  fossil  fuels 
(7  X 10*  Mt).  Since  2.67  Mt  of  Oj  will  oxidize  1 Mt  of  carbon 
it  is  clear  that  human  intervention  in  tha  carbon  cycle,  either 
throu^  nearly  complete  combustion  of  available  fossil  fuels  or 
through  substantial  altantions  in  the  populations  of  photo- 
synthesizing  organisnu,  will  hava  small  0***  tl»n  4 percent) 
impact  on  tha  atmospheric  Oj  abundance  over  timet  of  the 
order  of  hundreds  of  years. 

Tha  longer  time  teda  involves  tha  exchange  of  0]  between 
the  atmosphers  and  crustal  teditiwntt.  The  source  of  oxygen 
on  thit  scale  it  due  to  about  300  Mt/yr  of  Oj  produced  by 
photosynthesis  which  are  not  utilized  in  the  oxidation  of  dead 
organic  carbon.  The  ttoichiomettic  equivalent  amount  of 
carbon  ia  tequettarad  in  ocean  sediments.  A corresponding 
sink  of  300  Mt/yr  for  Of  results  from  erosion  and  weathering 
of  these  sediments  as  they  are  again  exposed  to  tha  atmo- 
sphere. Tha  reservoir  of  sedimentary  carbon  contains  about 
5 J X lO**  Mt  and  could  readily  absorb  all  the  Oi  presently  in 
the  atmosphere  if  the  Ot  source  were  extinguished.  The  time 
over  which  this  would  occur  is  about  10*  Mt/(300  Mt/yr)  or 
3 RtiUion  yean.  Because  of  the  long  time  scale  involved  in 
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Fi|- 1.  Oxyitn  budt.^t  of  di«  tropotphott.  Th«  Hum  MtiteM  of  owm 
m downwvd  tniuport  from  th«  itntoiphMt,  NOj  photolyite,  mi4 
hydrecatbon  oxidaiioa.  Th«  doraiaut  chmkal  liiilu  duo  to  routioa 
of  oioiM  with  odd  l<ydto|*ii  tad  nittofiii  ndlcali  Md  of  O<‘0>  with 
warn  vapor  ara  ihown.  Tht  lanat  dnk  dua  to  raactloa  at  tha  pound 
U not  indicatad. 

F tential  human  impacts  on  the  oxy|en  cycte,  we  will  not 
dUcuss  it  in  detail  but  will  turn  to  tome  problems  of  more 
immediate  concern  involving  nther  members  of  the  oxygen 
group. 

Ozone  is  the  next  most  abundant  member  of  the  oxygen 
group  and  is  a chemically  important  tropospheric  constituent. 
Almost  all  of  tropospheric  photochemistry  is  initiated  by  the 
photolysis  of  ozone  in  the  300-3 10-nm  region  of  thie  ultra- 
violet spectrum.  The  reKtion  is 

0,  + /ip  — 0,  +0('D). 

The  0('0)  thus  formed  may  then  react  with  water  vapor 

0(‘D)  + Hi0 — -20H 

giving  two  of  the  highly  reactive  hydroxyl  radicals  which  in 
their  turn  initiate  several  complex  reaction  chains.  Another 
potential  precursor  of  tropospheric  photochemistry  is  NO) 
which  can  dissociate  over  the  UV  wavelength  range  from 
300-400  nm. 

NO,  V hp  — NO  + 0 

with  subsequent  involvement  of  both  0 and  NO  in  chemical 
reactions. 

The  oxygen  budget  of  the  troposphere  is  represented  sche- 
matically in  Fig.  1 . ' Thu  figure  indicates  that  NO,  photolysis 
and  downward  transport  from  the  stratosphere  are  primary 
sources  of  tropospheric  ozone.  Photolysis  of  this  ozone  results 
in  the  production  of  0('0)  and,  after  reaction  of  this  species 
with  H)0,  in  OH  radicals.  These  in  turn  oxidize  methane  and 
other  hydrocarbons  to  produce  more  ozone.  Ozone  is  lost  via 
reactions  with  NO,  (NO  and  NO,)  and  HO,  (OH  and  HO,) 
radicals. 

A problem  that  hu  generated  much  recent  debate  is  that  of 
the  sources  and  sinks  of  tropospheric  ozone.  The  "clsssicai” 
view  has  been  that  ozone  is  transported  downward  from  the 
stratosphere,  where  it  u created  as  a result  of  0,  dissociation 
by  UV  wavelengths  less  than  240  nm,  and  u destroyed  at  the 
ground  [8] . The  observed  background  concentration  is  about 
3 pphm  and  if  downward  traiuport  and  ground4avel  destruc- 
tion  are  in  fact  the  major  source  and  sink  mecharuanu  for 
tropospheric  ozone,  its  lifetime  is  of  the  order  of  one  month. 


Chameides  and  Walker  (9] , [10]  proposed  an  alternative  view 
that  ozone  in  the  lower  tropoephere  is  photochMtiically 
created,  especially  at  a consequence  of  the  methane  oxidation 
chain.  The  role  of  reactive  hydrocarbons  in  ozone  production, 
in  pohuted  urban  air  la  wall  known  [3]  ,[11]  and  the  possible 
importance  of  the  much  less  reactive  but  more  abundant 
methane  in  the  ^obal  scale  production  of  ozone  wu  noted  by 
Crutzen  [12] . 

The  of  the  reaction  Kheme  by  which  n.sthane  oxida- 
tion results  in  ozone  production  are  discussed  in  Fishman  and 
Crutzen  [13] . The  net  effect,  which  is  the  sum  of  1 5 individ- 
ual reactions,  is 

CH*  +60,  — H,0 ♦ CO,  ♦ H,  ♦ 30,. 

This  reaction  sequence  essentially  extracts  0,  molecules  from 
the  ambient  reservoir  and  makes  their  component  atoms 
available  for  ozone  formation.  It  thus  provides  an  alternative 
to  the  direct  splitting  of  0,  by  ultraviolet  radiation  which 
does  not  occur  in  the  troposphere. 

The  importance  of  transport  in  esublishing  the  tropo- 
spheric ozone  abundance  is  supported  by  observational  evi- 
dence on  the  latitudinal  distributiont  of  this  constituent. 
The  tropospheric  ozone  burden  (total  amount  of  ozone  in  a 
column)  shows  maxima  in  regions  of  enhanced  troposphere- 
stratosphere  exchsr.gt,  30,  45,  and  60*  latitude  [14],  [IS]. 
Photochemical  mouels  have  not  addressed  the  problem  of  the 
observed  latitudinal  distribution  of  ozone,  but  there  it  no 
obvious  photochemical  argument  which  might  account  for  it. 

The  sharp  disagreement  between  the  conclusions  of  the 
photochemical  models  of  Chameides  and  Walker  [9],  [101 
and  the  argumenU  supporting  a purely  dynamic  source  for 
tropocpheric  ozone  have  motivated  additional  model  studies 
[16] , [17] . The  results  of  these  more  recent  calculations 
inihcate  that  photochemical  production  alone  cannot 
account  for  obMrved  levels  of  tropospheric  ozone  and  that, 
in  fact,  the  troposphere  acts  u a net  chemical  sink.  In  tha 
calculation  of  Chameides  and  Stedman  [16],  70  percent  of 
the  ozone  in  a typical  midlatitude  tropospheric  column  is 
produced  by  downward  transport  from  the  stratosphere  and 
30  percent  is  photochemically  produced.  In  this  typical 
column  70  percent  of  the  ozone  is  chemically  destroyed  and 
30  percent  destroyed  by  reaction  at  the  ground.  Calculations 
made  with  the  box  model  of  Stewart  tt  ef.  [17]  lead  to  similar 
conclusiotu  regarding  the  relative  importance  of  transport  and 
^otochemistry  in  establishing  the  tropospheric  ozone 
distributioo. 

T'.e  di'.  argent  conclusions  of  the  newer  and  older  photo- 
chemical models  illumiiute  the  principal  problem  in  state-of- 
the-art  models  of  tropospheric  composition,  which  is  theu 
Kndtivity  to  the  dsu  base  used  in  the  calculations.  The  most 
important  component  of  this  data  base  is  the  large  set  (usu- 
ally ^ 60)  of  reaction  rates  for  the  diemical  reactions  used  in 
the  calculations.  These  are  constantly  being  revised  u new 
experimental  data  become  available.  The  most  generally 
accepted  chemical  dau  base  is  that  provided  by  the  compila- 
tion of  Hampeon  and  Garvin  [IS]  in  which  these  authors,  and 
other  cited  in  their  publication,  review  the  available  expert 
mental  dau  and  provide  preferred  values  for  a large  body  of 
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chtmical  reaction  ratet.  This  review  proceu  ii  by  its  nature 
always  somewhat  dated,  and  there  are  usually  more  recent 
data  of  interest  which  must  be  considered  in  model  calcula- 
tions. 

The  different  conclusions  retched  by  the  older  [9] , [10] 
and  newer  [16],  [17]  models  of  tropospheric  ozone  may  be 
traced  for  the  most  part  to  the  futer  ratet  adopted  for  certain 
important  reactions  in  which  odd  hydrogen  and  odd  nitrogen 
radicals  combine,  c.g., 

NO,  ♦ OH HNO,. 

These  rates  were  revised  between  publication  of  the  models 
referred  to  above.  Such  reactioiu  reduce  the  concentration  of 
OH  in  the  troposphere  and  thus  render  the  methane  oxidation 
mechanism  leu  efTective. 

Another  factor  leading  to  differing  conclusions  in  these 
models  is  the  different  NO,  bacicground  a 'opted.  The  earlier 
models  used  3-ppb  NO,,  a value  suggested  by  Robinson  and 
Robbins  [19]  based  on  their  analysis  of  the  nitrogen  budget 
and  the  sparse  data  then  available.  As  additional  data  have 
become  available  it  hu  become  clear  that  3 ppb  is  too  high 
to  be  representative  of  global  background  NO,  values.  The 
spectroscopic  meuurements  of  Noxon  [20]  in  particular  sug- 
gest that  NO,  < 0.1  ppb.  The  use  of  lower  NO,  values 
(<  0.5  ppb)  in  the  later  photochemical  models  reduces  ozone 
production  resulting  from  NO,,  photolysis. 

The  newer  photochemical  models  discussed  above  represent 
a synthesis  of  the  arguments  concerning  photochemical  and 
dynamic  sources  for  tropospheric  ozone.  They  establish  the 
importance  of  photochemical  interactions  in  contnbuting  to 
the  overall  ozone  abundance,  but  are  consistent  with  the 
view  that  transport  plays  a major  role  in  establishing  the 
global  ozone  distribution.  Unfortunately,  this  consensus  has 
proved  shortlived.  A recen'  meuurement  of  the  rate  of  the 
reaction 

HO,  + NO  — ► OH  + NO, 

by  Howard  and  Evenson  [21]  mdicates  that  it  is  8 to  20  times 
faster  than  the  previously  accepted  values.  This  hu  extremely 
important  consequences  for  the  problem  of  troposphenc 
ozone  and  for  tropospheric  chemistry  generslly,  since  this 
reaction  produces  NO,,  an  ozone  precursor,  and  OH,  which 
initiates  the  methane  oxidation  chain  and  again  produces 
ozone. 

In  the  model  of  Stewart  <r  al.  [!7] , to  maintain  the  average 
observed  troposphenc  background  value  of  4.5-pphm  0,,  the 
troposphere  must  import  1280  Mt/yr  of  ozone  from  the 
stratosphere.  This  figure  is  consistent  with  transport  values 
quoted  in  the  meterorological  literature  [IS] . [22] . However, 
using  the  Howard  and  Evenson  value  for  the  reaction  given 
above  in  ihe  Stewart  er  al  model,  the  troposphere  switches 
from  being  a strong  chemical  sink  to  a strong  chemical  source; 
It  must  export  2000  Mt  yr  of  ozone.  This  is  an  unaccepuble 
result  because  it  is  inconsistent  with  the  obetrved  tropo- 
sphenc distnbution  u expiained  previously,  and  because  the 
observed  troposphere-stratosphere  ozone  gradient  implies 
downward  rather  tJian  upward  transport. 


Thus  the  problem  of  the  sources  and  sinks  of  tropospheric 
ozone  remains.  Even  if  revision  of  other  reaction  rates  is 
found  to  provide  a chemical  sink  which  compensates  for  the 
chemical  source  given  by  this  rate,  oione  may  be  found  to 
have  too  short  a residence  time  to  be  consistent  with  the 
indicated  importance  of  traruport  in  er.  iblishing  its 
distribution. 

IV.  The  Carbon  Group 
A.  Nature  Carbon  Cycle 

The  principal  carbon  containing  species  in  the  atmosphere 
are  CO,,  CH#,  and  CO,  which  have  mean  concentrations  of 
about  330  ppm,  1.4  ppm,  and  0.12  ppm.  respectively.  Other 
hydrocarbons  such  u aldehydes,  olefins,  alkanes,  and  terpenes 
are  generally  present  in  much  smaller  amounts.  The  global 
scale  effects  of  the  carbon  group  on  pollution  and  climate 
have  centered  on  the  three  species  noted  above.  Higher 
molecular  weight  hydrocarbons  and  CO  are  important  also  in 
urban  scale  pollution  problems  [11],  [23],  [24].  Carbon 
dioxide  and  methane  are  climatologically  significant  gases 
since  they  absorb  in  the  thermal  IR.  The  contnbution  of 
CO,  to  the  “peenhouse  effect"  is  well  known,  but  methane 
hu  a band  at  7.7  um,  and  changes  m CH4  abundance  are  also 
potentially  important.  Carbon  monoxide  is  not  active  in  the 
thermal  IR  but  is  of  concern  due  to  its  chemical  properties, 
'n  high  concentrations  CO  is  toxic,  but  on  the  global  scale  our 
concern  is  centered  more  on  its  possible  chemical  interaction 
with  and  impact  on  species  such  u OH  and  CH4  [25] , [26] . 

The  abundance  of  carbon  dioxide  is  regulated  by  interaction 
between  the  troposphere  and  biorohere  [27]  via  the  process  of 
photosynthesis  which  we  may  write  schematically  as 

CO,  H,0  J=;  CH,0 0, 

The  forward  reaction  represents  the  utilization  of  CO,  by 
plants  in  the  synthesis  of  organic  compounds  here  represented 
by  CH,0  The  reverse  reaction  represents  the  return  of  CO,  to 
the  atmosphere  by  oxidation  of  dead  organic  matter.  The 
flow  of  carbon  between  the  atmosphere  and  other  reservoirs  1$ 
shown  in  Fig.  2.  Several  quantitative  models  of  the  carbon 
cycle  have  been  developed  [5],  (6).  [28] -[30]  which  may 
differ  from  one  another  and  from  Fig  2 in  the  details  of  the 
adopted  reservoirs  and  fluxes. 

In  Fig.  2 we  have  given  the  consumption  of  CO,  by  the 
biosphere  u 1.5  X 10*  Mt/yr.  1.’  X 10*  by  the  land  biomais 
and  4 X IC*  by  the  oceanic  biomass.  These  numbers,  like 
most  of  the  flux  and  reservoir  values  of  Fig.  2.  ate  meant  to 
be  representative,  but  svidely  varying  values  can  be  found  in 
the  literature,  fhe  exchange  of  CO,  between  the  atmosphere 
and  biomass  by  photosynthesis  is  balanced  to  within  one  part 
in  a thousand.  The  slight  imbalance  between  consumption  and 
release  of  CO, , represented  by  the  sedimentation  flux  in  Fig.  2. 
hu  resulted  in  the  deposit  over  geologic  time  of  a reservoir  of 
fossil  organic  cubon  of  perhaps  1.2  X lO’  Mt  (31),  of  wluch 
about  7 J X 10*  Mt  IS  available  for  exploitation. 

Methane  and  carbon  monoxide  are  less  abundant  but  im- 
portant memben  of  the  carbon  group  Methane  is  approxi- 
mately umfotmly  distributed  m the  troposphere  with  a con- 


Fi(.  2.  Tbc  Caiboa  cyck.  The  aumtor  of  ratfitam  (Mt)  of  carboa  in 
tbt  mdkattd  nseivoin  art  shown  in  boats.  The  total  fosnl  fbcl 
cvboa  (1.2  X 10^  Mt)  and  the  amount  availablt  fot  use  (7J  x 10* 
M ) aie  shown  at  the  left  of  the  sadiment  ttsemiii.  The  fluxes 
between  reservoin  aie  shown  by  the  atrows  and  fhren  in  Mt  (Q/yt. 
The  physical  or  biolo|ical  process  fivini  rise  to  these  fluxes  is  stated 
next  to  the  arrow  in  most  cases. 


(MI). 

centration  of  1.4  ppm  (32].  At  least  eighty  percent  of 
troposphenc  methane  is  produced  by  the  anaerobic  decompo- 
stion  of  organic  matter  m such  places  as  swamps  and  paddy 
fields,  and  its  sources  are  thus  biologicai  and  microbiological. 
The  remamder  of  the  CH«  is  output  from  natural  gas  wells. 
A present  estimate  of  the  total  source  strength  of  CH#  is 
about  10^  .Mt/yr  [r2|  and  is  included  in  the  soil  respiration 
flux  in  Fig.  2.  There  are  4 X 10^  Mt  of  CH4  in  the  atmo- 
sphere which,  combined  with  the  above  source  strength, 
implies  an  atmospheric  residence  time  of  4 years.  It  is  new 
generally  believed  that  oxidation  of  methane  .la  the 
reaction 

CH4  ♦ OH  — CH,  + HjO 


Fig.  4.  Monthly  avetagi  vilucs  of  CO^  isured  at  Miuna  Lot 
Obntvatoty,  Hawaii  (after  Baes  er  al.  (Si  The  seasonal  oscillation 
of  CO}  is  shown  superposed  upon  ths  long  term  increase  due  to 
industrial  activity.  Horizontal  indicate  mean  annual  concentra- 
tioos. 

provides  the  major  sink.  The  e^ectiveness  of  this  sink  depends 
on  the  abundance  of  tropospheric  OH  radicals  and  on  the  rate 
of  the  above  reaction.  The  mean  tropospheric  abundance  of 
OH  is  not  well  established.  Measurements  [33]  -[35]  show  it 
to  be  quite  variable  and  theoretical  arguments  support  OH 
concentrations  ranging  from  2 X 10*  to  3 X 10*  molecules/ cm* 
[36] . [37] . Adopting  a rate  of  k = 4 6 X 10*‘*  cm’  s'*  for 
the  OH  reaction  ( 1 8]  gives  a lifetime  tch,  * (*(OH]  )'* 
ranging  from  2.3  to  35  years.  There  is  thus  at  least  a factor 
of  10  uncertamty  in  the  parameters  determinmg  the  methane 
abundance. 

Carbon  monoxide  is  approximately  uniformly  distributed 
vertically  in  the  troposphen  but  shows  a ,-trong  latitudinal 
gradient.  The  ^obally  averaged  concentration  of  CO  is  about 
0.12  ppm,  but  there  is  a factor  of  four  difference  in  mean 
concentrations  between  the  northern  (0.20  ppm)  and  southern 
(0.05  ppm)  hemispheres  [38] . (See  Fig.  3 .)  This  interhemi- 
spherlc  concentration  difference  indicates  the  importance  of 
northern  hemisphere  anthropogenic  sources,  mainly  automo- 
bile and  space  heating,  in  determining  the  global  CO  abun- 
dance, but  the  oxidation  of  methane  provides  a strong  natural 
production  and  the  relative  importance  of  these  two  mecha- 
nisms is  still  a matter  of  debate  [39]  -[41  ] . 

3.  Perturbanons  to  the  Carbon  Cycle 

The  long-term  increase  of  CO}  is  the  best  documented  of 
the  ^obal  scale  changes  in  the  atmospheric  environment  that 
have  occurred  as  a result  of  human  activities  [42] , [43] . 
Fig.  4 (after  Baes  etal.  [31])  shows  monthly  average  values  of 
CO}  concentrations  measured  at  Mauna  Loa  Observatory. 
Hawaii.  Tlie  long-term  increase  is  quite  apparent.  Seasonal 
variations  in  photosynthesis  produce  the  annual  cycle.  Carbr 
dio.xide  absorbs  m the  thermal  IR,  and  it  has  been  suggest'jO 
by  several  theoretical  studies  that  substantial  increase  (e.g., 
doubling)  of  the  CO}  amount  will  lead  to  dimatologicaliy 
sigmficanr  temperature  increases  m the  lower  atmosphere. 
There  are  two  parts  to  a quantitative  evaluation  of  the  en- 
vuonmental  impact  of  enhanced  CO}  levels:  the  first  1$  to 
project  future  CO}  concentrations  cs  a function  of  time,  the 
second  is  to  calculate  the  change  m surface  temperature  T, 
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from  thno  modal  studiaa.  The  production  scanaiioa  tia  timiUt  In 
thaao  itudiaa  and  the  dilTanni  itaulta  chiefly  laflact  dinaraacaa  in 
tha  tnatmant  of  the  oceanic  COj  sink. 

due  to  these  coocentntions.  Each  part  of  this  problem  has 
been  addressed  by  several  investigators  but  with  no  consensus 
on  either  point. 

The  long-term  increase  of  CO,  has  been  modeled  in  several 
studies  [28] , [29] , [44] , [4S] , and  the  results  of  some  of 
these  are  shown  in  Fig.  S.  Projections  of  future  CO2  levels 
in  these  model  studies  are  obtained  by  solving  the  continuity 
equation  for  COj  which  equates  the  rate  of  change  of  CO3  in 
a specified  reservoir  to  the  difference  between  sources  and 
sinks  for  that  reservoir.  The  models  shown  in  Fig.  S use  com- 
parable source  functions  for  the  anthropogenic  emission 
(fossil  fuel  burning).  Hoffert  [29],  for  example,  fits  a 
Gaussian  source  function  to  historical  emission  data  over  the 
1950-1970  period.  This  source  function  results  in  coruump- 
tion  of  about  70  percent  of  available  fossil  fuels  in  the 
hundred-year  period  centered  about  the  year  2069.  The 
antropogenic  source  functions  used  in  the  other  two  models 
of  Fig.  S differ  in  some  details  but  are  essentially  similar  in 
magnitude  and  functional  form. 

The  two  central  issues  in  current  research  on  this  problem 
involve  the  roles  of  the  oceans  and  the  biomass  as  sources  and 
sinks  of  CO].  The  substantial  difference  in  the  long  range 
projcctioiu  of  the  authors  cited  in  Fig.  S are  due  to  the  differ- 
ing treatments  of  the  oceanic  sink  in  their  models.  Hoffert 
[29]  has  discussed  the  differences  between  his  model  and  that 
of  Cramer  and  Myers  [28]  u being  primarily  due  to  treatment 
ot  the  deep-ocean  COj . In  Hoffert’s  model  this  is  determined 
from  the  carbonic  acid  equilibrium 

CO,  + H,0  ;=  H*  + HCOJ 
Hco;  = H*  -t  co; 

which  constrains  the  deep-ocean  CO,  to  smaller  values  than 
in  the  Cramer  and  Myers  model  in  which  this  CO,  is  deter- 
mined by  exchange  with  ihe  mixed  layer  and  the  ocean  floor. 
The  ability  of  the  oceans  for  CO,  uptake  is  smaller  in  Hoffert's 
model  and  thus  a greater  amount  of  CO,  accumulates  in  the 


atmoephere.  In  the  Keeling  and  Bacastow  model  [45]  the 
thennal  stability  of  the  main  oceanic  thermocline  (70-1000  m 
deep)  prevents  the  complete  mixing  of  CO,  between  this 
reservoir  and  the  warm  surface  layer,  thus  rendering  the  oceaii 
a still  len  effective  sink  than  in  the  Hoffert  model. 

Another  issue  which  hu  recently  been  raised  [46] , [47] 
concemi  the  effect  of  human  alterations  of  the  land  biosphere 
such  u deforestation  and  agricultural  expansion  on  atmo- 
spheric CO,  changes.  Bolin  [47]  suggests  that  such  changes 
in  the  land  biota  constitute  a source  of  CO,  equal  to  about 
10-35  percent  of  the  emission  due  to  fossil  fuel  combustion. 
He  also  concludes  that  since  this  auxiliary  source  of  CO,  has 
previously  gone  unrecognixed  the  oceans  must  provide  a more 
effective  sink  that  hitherto  realixed.  The  results  of  Adams  et 
d.  [46]  and  Bolin  [47]  imply  that  the  oceans  are  capable  of 
absorbing  58-83  percent  of  the  fossil  fuel  CO,  emitted  into 
the  atmosphere.  This  conclusion  is  in  sharp  contrast  to  the 
trend  of  recent  model  development  in  which  the  oceans  play 
a diminished  role  from  that  of  earlier  models.  Broecker  [48] , 
for  example,  estimates  that  of  the  CO,  emitted  into  the 
atmosphere,  52  percent  remains  in  the  atmosphere,  38  percent 
dissolves  in  the  oceans,  and  10  percent  is  assimilated  by  the 
biosphere.  Thus  there  is  no  current  consensus  u to  the  mag- 
nitude of  the  oceanic  sink  or  whether  the  land  biota  constitute 
a source  or  a sink  of  CO,. 

Part  of  the  difficulty  in  assessing  the  role  of  the  biosphere  in 
the  carbon  cycle  stems  from  the  fact  that  relatively  small 
changes  in  biomass  would  substantially  alter  the  CO,  flux 
between  atmosphere  and  biosphere.  The  deforestation  flux  of 
1000  Mt/yr  shown  in  Fig.  5 corresponds  to  a decrease  in  the 
land  biosphere  of  less  than  0.2  percent.  A similarly  small 
increase  would  provide  a sink  of  the  same  magnitude.  As  we 
have  noted  earlier,  the  ocean  biomass  is  controlled  by  nutrients 
other  than  carbon  and  we  shall  return  to  this  point  in  our 
discussion  of  the  nitrogen  cycle. 

The  thermal  effects  of  a given  CO,  increase  have  been  studied 
by  several  authors  [49] -[52],  and  a review  of  these  efforts 
throu^  1975  has  been  published  by  Schneider  [53] . Differ- 
ences in  predicted  surface  temperature  increase  among 
various  1-D  radiative-convective  models  are  fairly  well  under- 
stood in  terms  of  differing  assumptions  and  computational 
procedures.  The  most  detailed  radiative  transfer  calculation 
appears  to  be  that  of  Augustsson  and  Ramanathan  [54]  who 
included  the  temperature  dependence  of  the  band  absorptance 
in  the  15-um  bands  as  well  as  the  contribution  to  the  green- 
house effect  of  the  weak  bands  in  the  12-18-<im,  9-10-um, 
and  7-8-sim  regions.  Their  result  for  a doubling  of  CO,  con- 
centration is  a A7,  of  1.98  K.  Manabe  and  Wetherald  [SO] 
have  utilized  a general  circulation  model  to  calculate  a AT,  of 
2.9  K (globally  averaged)  some  46  percent  larger  than  the 
value  of  Augustsson  and  Ramanathan.  In  the  Manabe  and 
Wetherald  model  the  surface  temperafire  increase  is  greater 
at  high  latitudes  due  to  greater  thennal  stability  of  the 
troposphere  and  to  decreased  albedo  resulting  from  recession 
of  the  snow  boundary.  This  relatively  large  surface  tempera- 
ture increase  at  high  latitudes  results  in  a larger  globally 
averaged  ^T,  than  is  obtained  with  radiativeconvective 
models. 
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Thin  curvM  show  thi  undtMty  of  thi  modol  dMoibid  by 
Bm  It  al.  to  hi|h  «id  low  um  production  Kwurioi  (Inmt  MUd  IwM), 
iniiniUtion  of  COj  by  land  biota  (Inmr  band),  and  oetanic  uptaki 
fouttr  band).  Tha  rl|ht  hand  virtlcal  axli  ihdwi  thi  ran|t  of  uncti- 
lainty  in  a for  inch  valui  of  COj  iacmsi. 

The  greatest  uncertainty  in  model  calculations  of  surface 
temperature  response  to  increased  COi  abundance  is  in  the 
treatment  of  other  meterorological  parameters  such  as  relative 
humidity  and  cloud  amount,  which  may  also  respond  to 
temperature  changes  and  feed  back  into  the  COi  perturbation. 
Augustsson  and  Ramanathan  (54] , for  example,  show  differ- 
ences of  up  to  62  percent  in  df,  between  models  with  con- 
stant cloud  top  altitude  and  others  wt.h  constant  cloud  top 
temperature. 

According  to  Schneider  [S3] , a preunt  estimate  of  &T, 
resulting  from  a doubling  of  atmospheric  COj  abundance 
would  be  l.S  K < < 3 K,  but,  as  Schneider  cautions,  this 

estimate  could  be  considerably  modified  by  the  effects  of 
important  feedback  mechamsms  not  included  in  current 
models. 

Considering  the  combined  uncertainties  of  projecting  future 
CO]  levels  and  of  computmg  AT,  for  a given  CO]  increase,  it 
does  not  seem  reasonable  at  present  to  attempt  a quantitative 
prediction  of  temperature  increases  resulting  from  CO]  emis- 
sions at  any  specified  future  time.  The  uncertainties  in  the 
CO)  and  ^T,  projections  are  indicated  in  Fig.  6 (after  Baas 
cr  tl.  [31]).  The  higher  of  the  two  solid  lines  representt  an 
assumed  4 J percent  aimual  growth  rate  in  fossil  fuel  burning 
reduced  in  proportion  to  the  .^racuon  of  the  net  supply  that 
hu  been  used,  the  lower  of  the  two  solid  lines  represents  an 
assumed  2-percent  growth  rate  until  2025  followed  by  asym- 
metrical decrease.  The  inner  band  m each  of  these  cases 
represenu  the  effect  of  a t2000  Mt/yr  vanauon  in  the  net  tlux 
to  the  land,  while  the  outer  band  represents  the  effect  of  vary- 
ing the  assumed  ocean  uptake  from  ^ to  60  percent.  The  right 
hand  vertical  axis  shows  the  raiige  of  uncertainty  m AT,  (as 
estimated  by  Baes  er  of.)  for  each  value  of  CO]  increase. 

Another  penurbanon  to  the  carbon  group  which  has  been 
discussed  recently  mvoives  possible  alteration  of  the  CH4  con- 


centration as  a result  of  changes  in  the  anthropogenic  CO  flux 
into  the  atmosphere  [25] , ^25] . According  to  calculations  by 
Sxa  [25] , a CO  emissions  increase  of  4 percent  per  year  from 
1940  to  1971  followed  by  a 133  percent  per  year  Increase 
thereafter  will  result  in  a doubling  of  CH4  concentration  over 
its  1950  value  by  the  year  2035.  Chameides  er  ef.  [26]  con- 
sider a 4.5-percent  increase  in  CO  emissions  from  1976  and 
And  an  increase  of  CH4  from  present  levels  to  about  2.45  ppm 
by  the  year  2010  (a  75-perccnt  increase). 

These  projected  CH4  increases  occur  because  CO  is  an  effec- 
tive scavengar  of  the  hydroxyl  radical  through  the  reaction 
CO  ♦ OH  CO]  * H,  and  OH  is  the  major  species  capable  of 
initiating  the  methane  oxidation  sequence.  Thus  more  CO 
resultt  In  leu  OH  and  this,  In  turn,  causes  an  increau  in  CH4 
amount. 

Hamced  cr  of.  [55]  have  pointed  out  that  the  magnitude  of 
tha  CH4  perturbation  resuiting  from  a given  CO  flux  increase 
is  extremely  sensitive  to  the  NO,  background  anumed  in  the 
model  and,  since  this  at  present  is  only  poorly  known,  quanti- 
utive  statements  concerning  the  magnitude  of  the  CO-CIU 
perturbation  are  not  yet  feasible.  According  to  the  caicuia- 
tions  of  Hameed  cr  of  .,  a doubling  of  the  present  level  of  CO 
emissions  would  result  in  in  increase  of  CH«  to  1 .9  ppm  for 
NO,  ■ 0.1  ppb.  The  reason  for  this  sensitivity  is  that  NO, 
compounds  are  also  effective  scavengers  of  OH  through  reac- 
tions such  as 

NO]  -OH-^HNO,. 

The  hydroxyl  radical  concentration  is  thus  much  mote  sensi- 
tive to  the  CO  flux  for  low  values  of  NO,  than  for  higher 
values. 

According  to  Wang  tt  ai.  [56] , a doubling  of  CH«  concen- 
tration would  result  in  an  incremental  surface  temperature 
AT,  of  0.28  or  0 40  K for  a fixed  cloud-top  temperature 
model  depending  on  whose  absorption  data  is  used.  It  is  im- 
portant to  more  firmly  establish  the  possible  magnitudes  of 
methane  increases  and  to  study  in  greater  detail  the  more 
general  changes  which  would  result  from  lowered  hydroxyl 
radical  concentrations. 

V.  The  Nitrogen  Group 
A.  Natural Nltrogtn  Cyclt 

Nitrogen  at  N)  is  the  most  abundant  gas  in  the  atmosphere, 
but  it  is  relatively  inert  chemically  and  therefore  hu  little 
direct  interaction  with  other  tropospheric  species.  Other 
forms  of  tropospheric  nitrogen  such  u ammonia  (NH)), 
mute  oxide  (NO),  and  mtrogen  dioxide  (.NO])  resuit  from 
various  microbiologicai  and  industrial  processes  which  break 
the  N]  bond.  Such  processu  are  said  to  "Hx''  mtrogen  in  a 
biologically  useful  form.  These  fixation  processes  occur 
naturally  in  various  soil  and  maruie  organisms  and  to  a much 
lesser  extent  by  the  reaction  of  Nj  and  0:  in  lightning  dis- 
charges. Industrial  producuon  of  fertilizer  is  the  principal 
source  of  arufleial  fixauon  and  a debate  is  m progress  over  the 
degree  to  which  this  process  may  upset  the  natural  cycling  of 
mtrogen  throu^  the  ecosystem.  The  current  status  of  this 
problem  will  be  described  below 

After  N] , nitrous  oxide  is  the  most  abundant  form  of  mtro- 
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••n  In  th«  tropoiphin.  It  tppnn  to  b«  rtlKtvtly  unifonnly 
dbtributtd  tpatially,  but  Mmponl  fluctuations  hava  baan 
intarpratad  u implyini  an  atmoipharie  ratidanea  tima  from 
4 to  70  yr  for  thii  |U  [S7] , [SI] . Chamkal  dastruetion  In 
tha  itratoiphara  aiona  arould  lasult  in  a tonfar  Ufatima>  118  to 
160  yrs  [S9] . With  an  atmospharlc  abundanca  from  O^S  ppm 
to  OJO  ppm  (1800  to  2160  Mt  u N]0),  this  ran|a  of  Ufa* 
timas  implias  sourca  and  sink  straniths  rangini  from  11 J 
Mt/yr  to  S40  Mt/yr.  Although  tha  sourca  of  atmospharlc 
N]0  is  claarly  denitrifying  bacteria,  theta  is  still  a pr^lam 
in  identifying  a sink  of  tha  appropriate  magRltuda.  Tha  role 
of  tha  oceans  in  this  regard  is  a subject  of  debate.  Hahn  [60] 
idantiflad  tha  oceans  as  a possibla  net  sourca  of  NiO.whetau 
McElroy  «r  (61]  baliava  that  a flux  of  NiO  into  tha  oceans 
may  exist  and  provide  tha  necessary  sink.  Mora  data  art  re- 
quired to  accurately  assess  tha  role  of  tha  ocaatu  in  tha  nitrogen 
cycle. 

Nluous  oxida  is  important  bacauM  of  its  flmdamantal  r<4a 
in  controlling  tha  abundanca  of  stratospheric  otona.  In  tha 
stratosphere  NjO  dissociates  by  taacdon  With  0('f>)  to  form 
nitric  oxida  which  catalytically  reduces  the  ambient  ozone. 
N]0  alto  has  an  absorption  band  at  7.78  tan,  and  it  has  bean 
astimatad  that  a doubling  of  its  concentration  could  result  in 
a global  mean  increase  of  0.68  K in  surface  tamparatura  (S6| . 
Due  to  tha  strength  and  position  of  tha  NjO  7.78-stm  band  it 
is  tha  second  most  important  absorber  of  tharmal  IR  (after 
CO}  and  neglecting  the  highly  vtriable  water  vapor).  Tha  gu 
is  of  potential  climatological  significance  due  to  both  its 
thermal  IR  and  chemical  properties. 

Ammonia,  the  next  most  abundant  form  of  atmospheric 
nitrogen,  exhibits  strong  spatial  and  temporal  variabilitias  [62] . 
There  is  a strong  decreasa  of  NH|  with  aldtuda,  tha  concentra- 
tion above  2 km  being  about  a third  of  tha  ground  level  value. 
Seasonally,  mean  ground  level  NHj  concentrations  may  vary 
from  about  6 ppb  in  summer  to  2 ppb  in  winter  over  land 
areas,  but  over  the  oceans  there  is  a sharp  decrease  from  about 
0.2-1. 0 ppb.  Tha  natural  source  of  atmospheric  NH)  is 
bKtanal  decomposition  of  biologically  fixed  nitrogen  found 
in  plant  tissues.  The  mqnituda  of  this  production  depends  on 
soil  type,  temperature,  pH  and,  moisture  content.  Dawson 
[63]  has  recently  calculated  a toil  source  of  47  Mt/yr  of  NHt 
from  unperturbed  land  on  a global  basis.  This  svould  be 
balanced  by  corresponding  rainout  and  dry  deposition.  The 
atmospharlc  rasidenca  time  of  NH|  is  about  a weak  before  it 
is  removed  by  pradpiution. 

An  anthropogenic  source  of  ammonia  results  from  tha  volati- 
ution  of  ammonium  contained  In  niuogenaoua  fbrtiltsars 
appiiad  to  agricuitutal  soils.  The  remainder  ' he  fertiliser 
nitrogen  is  assunilated  by  the  biomass  or  unv.  goes  transfer 
from  the  inorganic  nitrogen  soil  pool  to  other  reservoirs  by 
processes  noted  below.  The  quantitative  relationship  between 
these  processes  is  not  esublished,  although  it  probably  depends 
on  the  same  soil  variables  described  previously  [63].  Ammonia 
is  thus  strongly  coupled  to  the  processes  afl^ting  the  cycling 
of  nitrogen  through  the  ecosystem  via  its  Interactions  in  the 
biosphere. 

The  oxides  of  nitrogen,  NO  and  NO} , are  the  least  abundant 
tropospheric  mtrogen  spades.  Their  global  distribution  and 
background  concentration  are  poorly  known  in  the  tropo- 


Fif.  7.  The  Nitraaen  cyda.  The  number  of  Ml  nitrofen  in  the  indicated 
reierroiis  are  ihown  in  boxea.  The  fluxes  between  reservoirs  are 
shown  by  the  anosss  and  siven  in  Mt  (N)/yr.  The  physical  or  biolof- 
ical  prooeu  |Mns  the  to  these  tluxee  la  stated  next  to  the  arrow. 

sphere.  Recent  measuremenu  by  Noxon  [20]  indicate  values 
of  the  order  of  0.1  ppb  or  less.  Tropospheric  sources  for  NO, 
are  combustion  processes  and  lighuiing  (10-40  Mt/yr)  (64) , 
[63] , and  denitrification  of  soil  nitrogen.  NO,  plays  an  im- 
portant role  in  tropospheric  chemistry  involving  the  produc- 
tion and  loss  of  ozone  [17]  and  the  eftect  of  CO  emissions  on 
CHa  abundances  [S3] . Its  global  mean  background  concen- 
tration must  be  much  better  established. 

Tha  nitrogen  cycle  is  schenutically  represented  in  Fig.  7. 
The  reservoir  values  are  similar  to  those  stated  in  published 
reviews  [7] , [66]  but  have  been  adjusted  to  be  consistent 
with  observed  C/N  ratios  of  80/1  for  the  living  terrestrial 
biomass  and  10/ 1 for  other  bio:pheric  reservoirs. 

B.  Nrwbtitom  to  Bu  Nitroitn  Cycit 

Man's  intervention  in  the  nitrogen  cycle  is  largely  through 
the  production  of  nitrogen  oxides  in  combustion  and  the 
manufacture  and  use  of  nitrogen  fertillzen.  As  seen  in  Fig.  7, 
this  adds  fixed  nitrogen  to  tha  inorganic  soil  reservoir  from 
which  it  begint  cycling  through  the  ecosystem.  In  1939  the 
use  of  fertilizers  was  responsible  for  the  Nation  of3.3  Mt/yr 
of  N.  This  had  grown  to  40  Mt(N)/yr  by  1974  [67]  and  could 
reach  200  Mt(N)/yT  by  2000.  Biological  fixation  rates  are 
uncertain,  particularly  for  tha  oceans.  The  fixation  rate  due 
to  the  land  biomass  has  been  put  at  44  Mt(N)/yr  by  Delwlche 
[66]  and  at  173  Mt(N)/yr  by  Hardy  and  Havelka  (68)  The 
marine  fixation  rate  has  been  estimated  to  be  10  Mt(N)/yr 
[61] . Thus  if  the  lower  biological  fixation  rates  are  correct, 
man’s  contribution  to  nitrogen  fixation  is  already  equal  to 
the  natural  source,  or,  if  the  higher  biological  flxation  rates 
art  accepted,  it  will  become  to  by  the  /ear  2000.  The  con- 
sequences of  this  potentially  large  anthropogemc  source  of 
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flxtd  nitrogen  have  been  the  subject  of  several  papers  (69]  - 
(72], 

Fig.  7 indicates  four  m^or  reservoirs  which  contain  the 
nitrogen  cycling  through  the  ecosystem,  atmosphere,  land, 
ocean,  and  biosphere.  The  nitrogen  burden  of  these  reservoirs 
ii  indicated  in  Mt  in  the  small  boxes,  and  fluxes  between 
reservoirs  are  in  Mt/yr  and  are  Indicated  by  the  numbers  label- 
ing the  arrows. 

The  atmosphere  contains  4 X 10*  Mt  of  nitrogen  mostly  as 
N] , but  there  is  a subreservoir  (not  shown  explicitly  in  Fig.  7) 
of  fixed  atmospheric  nitrogen  which  contains  about  1 Mt(N) 
and  consists  primarily  of  NOj,  and  NHj . The  flow  of  nitrogen 
into  this  atmospheric  subreservoir  from  the  atmosphere  results 
from  lightning  discharges  (10-40  Mt/yr  (64] , (65])  and  com- 
bustion (20.7  Mt/yr  (67]).  Our  interest  in  perturbations  to 
the  nitrogen  cycle  center  on  the  interactions  of  the  biosphere 
with  the  other  reservoirs  and  on  the  flow  of  nitrogen  within 
the  subresen'oin  of  the  biosphere  itself.  The  fixation  flux, 
both  natural  and  fertilizer,  into  the  biosphere  refers  to  pro- 
cesses of  conversion  of  nitrogen  from  the  biologically  un- 
utilizable  N]  to  forms  in  which  it  can  be  used  as  nutrients, 
ammonium  (NHJ),  nitrate  (NOJ),  and  nitrite  (NOJ).  The 
reverse  process  is  denitrification,  and  the  denitnflcation  prod- 
ucts may  be  either  N,  or  N]0. 

Within  the  biosphere  we  have  mdicated  three  reservoin;  the 
living  biomass,  which  contains  about  7SOO  Mt  (N);  dead 
organic  matter,  called  humus  on  land,  which  contains  about 
10*  Mt  (N),  and  the  inorganic  nitrogen  pool,  smallest  of  the 
three  subreservoin.  containing  about  5000  Mt  (N).  The  flow 
of  nitrogen  into  the  biomass  by  natural  fixation  results  from 
the  activities  of  a multitude  of  micro-organisms,  either  free- 
living  or  living  m association  witli  plants,  that  are  able  to 
utilize  the  energy  stored  in  the  products  of  photosynthesis 
to  break  the  N}  bond  and  flx  nitrogen  mto  forms  which  may 
be  used  for  the  synthesis  of  protein,  amino  acids,  and  other 
organic  compounds.  This  process  essentially  represents  a 
flow  of  nitrogen  directly  from  the  atmosphere  to  the  biomass 
subreservoir.  Fertilizer,  by  contrast,  adds  fixed  nitrogen  to 
the  inorgamc  soil  reservoir  which  consists  of  soluble  nitrate 
and  mtrite.  From  the  morganic  mtrogen  pool  the  nitrogen 
may  be  assimilated  by  the  biomass,  which  is  the  goal  of 
fertilization,  it  may  be  immobilized,  which  means  transferred 
to  the  organic  mtrogen  reservoir  by  bacterial  assimilation  or  by 
Mquestering  of  ammonia  in  clay  particles;  it  may  be  lost  by 
leaclung  from  the  soil,  which  may  lead  to  problems  such  as  the 
eutrophication  of  lakes;  or  it  may  be  denitnfled  by  denitnfy- 
mg  bacteria.  The  present  debate  on  the  impact  of  fertilizer 
mtrogen  centers  on  the  relative  efficiencies  and  charKSerisuc 
times  for  these  loss  processes. 

The  denitnflcition  flux  from  the  inorganic  soil  reservoir  to 
the  atmosphere  is  shown  with  a question  mark  in  Fig.  7 since, 
although  published  estimates  occur  in  the  literature,  these 
vary  substantially  ie.g.,  43  Mt/yr  (66) , 210 , Mt/yr  (7j).  Even 
if  the  flux  is  large  it  is  possibly  important  only  if  a significant 
part  of  it  consuts  of  .N^O  rather  than  Nj.  Significance,  in 
this  context,  must  be  judged  relative  to  the  magmtude  of  other 
sources  and  sinks  of  atmosphenc  N]0  and  these,  as  noted 
earlier,  are  themselves  a subject  of  debate.  Finally,  if  the 
above  parameters  were  firmly  established,  there  ts  soil  the 


uncertainty  of  the  effect  of  a.  given  NjO  increase  on  strato- 
spheric ozone. 

Johnston  (59]  has  recently  published  a review  of  this  sub- 
ject in  which  he  sought  to  place  limits  on  the  values  of  the 
variables  described  above  The  fraction  of  nitrogen  fertilizer 
that  is  rapidly  denitrified,  f in  Johnston’s  analysis,  is  highly 
uncertain.  For  a worst  case  analysis  of  ozone  reduction  0 may 
be  taken  as  1.  The  fraction  of  N|0  in  denitrified  gases  a is 
taken  to  be  in  the  range  0.025  < a < 0.4  by  Johnston  based 
on  his  review  of  the  available  data,  but  as  Johnston  notes, 
these  are  estimates,  not  rigorous  bounds.  Th*  importance  of 
denitrified  N^O  relative  to  other  sources  and  sinks  is  discussed 
by  Johnston  in  terms  of  the  equivalent  problem  of  the  atmo- 
spheric residence  time  of  NjO.  Large  natural  sources  and 
sinks,  which  would  minimize  the  impact  of  a given  nitrous 
oxide  flux  in  denitrified  gases,  correspond  to  shorter  values 
of  the  residence  time  r.  From  consideration  of  observed 
temporal  and  spatial  variabilities  of  N]0  on  the  one  hand 
(implying  a short  residence  time  and  giving  a lower  bound 
to  r (57])  and  the  rate  of  stratospheric  destruction  on  the 
outer  (giving  the  upper  bound),  the  range  of  NjO  residence 
time  given  by  Johnston  is  5 yr  < r < 160  yr.  Johnston  seeks 
to  place  limits  on  the  combinations  of  a and  r consistent  with 
identified  nitrogen  fixation  sources  and  concludes  that  for 
reasonable  values  of  these  variables  the  maximum  ozone  reduc- . 
tion  due  to  added  100  Mt  (N)/yr  of  fertilizer  will  lie  between 
0.4  and  1 2 percent  and  will  occur  within  a few  decades  for 
I to  2 percent  reduction  or  over  hundreds  of  years  for  larger 
('•lO-percent)  reductions. 

This  analysis  is  based  on  estimates  of  the  uncertainties 
involved  in  the  parameters  of  the  biospheric  portion  of  the 
mtrogen  cycle  and  does  not  discuss  the  possible  impact  of 
the  uncertainues  in  the  many  chemical  rate  constants  involved 
in  the  stratosphenc  modeling  of  ozone  reductions  (73] , (74] 
(as  Johnston  clearly  states).  However,  as  we  noted  in  our  dis- 
cussion of  tropospheric  ozone,  the  revision  of  a single  chemical 
rate  constant  mvolved  m a complex  system  can  substantially 
titer  the  model  conclusions.  It  is  not  possible  to  be  even 
order-of-magnitude  quantitauve  regarding  the  impact  of 
mtrogenous  fertilizers  on  stratospheric  ozone  and  even  John- 
ston’s wide  limits  may  be  overly  restnetive. 

The  nitrogen  and  carbon  cycles  are  strongly  coupled  through 
the  biosphere,  but  potential  consequences  of  this  fact  have  yet 
to  be  quantitaUvely  explored.  We  have  previously  alluded  to 
one  upect  of  this  coupling  in  describing  the  constancy  of 
the  oceamc  biomass  in  the  face  of  increased  CO]  mput  to  the 
oceans.  This  presumed  constancy  results  from  the  fact  that 
nitrogen,  rather  than  carbon,  ts  a limiung  nutnent  in  the 
oceam.  For  example,  the  5(XX)  Mt/yr  of  carbon  currently 
entering  the  atmosphere  due  to  fossil  fuel  burning  (Fig.  2) 
could  be  assimilated  entirely  by  the  oceamc  biomass  if  an 
increased  nitrogen  input  of  400  Mt/yr  to  the  oceans  occured 
assummg  a C/N  ratio  of  12  for  the  ocean  biomass.  This  is  ten 
umes  the  1974  nitrogen  ferulizer  use  and  twice  the  projected 
use  for  the  year  2000  [67] . The  assimilation  of  this  amount 
of  nitrogen  and  carbon  would  require  a yearly  mcrease  of 
4 percent  in  the  ocean  biomass.  There  is  yet  insufficient  data 
to  determine  the  actual  runoff  of  nitrate  into  the  oceans,  but 
the  aata  discussed  by  Commoner  (76]  on  mtrates  in  US  river 
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systems  show  that  this  runoff  has  increased  by  a factor  of 
3-S  in  the  past  20  years. 

Phosphorous,  anothar  limitinf  nut.  .nt  for  the  ocean  bio* 
mast,  is  also  beini  discharged  into  the  oceans  from  land  area. 
The  SCEP  report  [7S]  gives  the  1968  US  mean  phosphorous 
content  of  runoff  u 0.44  Mt. 

In  view  of  the  increuing  anthropogenic  supply  of  limiting 
nutrients  to  the  oceanic  biomass  it  is  conceivable  that  the 
increase  in  at.mospheric  CO]  could  be  moderated  in  future 
yean  but  the  amounts  of  these  nutrients  required  to  reverse 
the  effect  are  relatively  large  compared  to  projected  usage. 
This  problem  deserves  quantitative  study  erith  attention  to 
the  rde  of  phosphorous  u a limiting  oceanic  nutrient  and  to 
the  fraction  of  fertilizer  nitrogen  which  finds  its  way  to  the 
oceans. 

VI.  The  Hyorocen  Group 

The  most  abundant  member  of  this  group  is  water  vapor 
which  is  present  in  the  atmosphere  u a consequence  of  evap* 
oration  of  liquid  water  at  the  earth's  suifue.  Water  vapor  is 
chiefly  responsible  for  the  greenhouse  effect  through  its  strong 
absorption  of  infrared  radiation,  and  it  is  an  essential  precursor 
for  the  OH  radical  produced  through  the  reaction  OCD)  *■ 
H]0  — • 20H.  The  amount  of  HjO  in  the  atmosphere  is 
highly  variable  and  little  influenced  by  human  activities  and 
its  properties,  therefore,  will  not  be  described  in  further  detail. 

Molecular  hydrogen  is  the  next  most  abundant  member  of 
this  group,  having  a concentration  of  about  0.S  ppm.  The 
prevailing  view  (77]  is  that  Hj  is  formed  mainly  by  bacterial 
fermentation  in  soils  and  from  the  photodissociauon  of  for- 
maldehyde, one  of  the  intermediate  products  in  the  photooxi- 
dation of  methane,  but  the  relative  importance  of  these  two 
paths  is  uncertain.  The  sink  for  H]  u reacdon  with  OH; 
H,  ♦ OH  — * H H,0. 

The  most  important  member  of  this  group  in  influencing  the 
concentrations  of  many  trace  tropospheric  species  is  the  hy- 
droxyl radical  OH.  Reaction  with  OH  is  the  dominant  removal 
mechanum  for  const* 'uents  which  are  shielded  from  dissocia- 
tion and  are  not  removed  via  mteraction  with  the  hydrologic 
cycle.  Thu  is  the  case  for  many  of  the  gases  released  into  the 
atmosphere  as  a result  of  human  activities,  such  as  CO,  NO] , 
vinous  halogenated  methane  compounds  (CHFClj , CHFjCl, 
CHC1],CH]C1),  halogenated  ethylenes,  and  CHjCG).  In  many 
cases,  reaction  of  the  halogenated  hydrocarbons  with  tropo- 
spheric OK  removes  a large  potential  source  of  stratospheric 
chlorine  and  thus  reduces  a potential  harmful  impact  on  the 
ozone  layer.  Recent  measurements  [33] -[3S]  show  tropo- 
sphenc  mean  OH  concentrations  on  the  order  of  10*  cm'* . 
Reaction  with  OH  u also  the  dominant  removal  mechanism  for 
reduced  gases  of  bioiogicai  origin  such  as  CH4  and  H]  S. 

Hydroperoxy  radicals  are  formed  mainly  by  the  reaction  of 
CO  and  H]  with  OH.  Because  anthropogenic  emissions  of  CO 
are  now  considered  to  represent  a large  fraction  of  the  total 
atmospheric  CO  source,  the  potential  exuts  for  man's  interven- 
tion m determining  the  background  abundances  of  OH  and 
HO]  radicals  m the  troposphere.  HO-  radicals  are  not  as 
reactive  towards  many  species  as  are  OH  radicals  and  a shift  ui 
the  odd  hydrogen  (OH  * HOj ) balance  could  have  conse- 
quences in  determmmg  the  abundaiKes  of  compounds  mainly 


Ttopoepkeric  tulhii  chemistry  over  land.  Biotoiical  sources 
emit  the  reduced  sulfides  HjS.  DMS  (difflethylsulfide),  OMDS 
(dimethyldkulflde).  end  COS  (carbonyl  sulfide).  Industrial  and 
volcanic  sources  emit  SO]  directly. 


lost  by  reaction  with  OH,  as  wu  pointed  out  recently  by  Sze 
[2S] , Chameides  tt  d.  [26] , and  Hameed  ttd.  [55] . 

VII.  The  Sulfur  Croup 

The  abundances,  sources  and  sinks,  and  photochemistry  of 
atmospheric  sulfur  compouiids  are  all  pooriy  undeistood 
relative  to  oxygen,  carbon,  or  nitrogen  compounds.  Various 
sulfur  species  are  important  components  of  air  pollution  in 
many  parts  of  the  world.  The  anthropogenic  input  to  the 
sulfur  cycle  is  clearly  significant,  u we  shall  see,  and  likely 
to  increase  in  magnitude,  but  the  consequences  of  these  facts 
have  been  relatively  little  explored.  The  details  of  the  sulfur 
cycle  have  been  reviewed  by  Friend  [78] , Kellogg  era/.  [79] , 
Robinson  and  Robbins  [19] , and  Junge  [8] . 

The  importance  of  sulfur  as  a pollutant  derives  mainly  from 
the  properties  of  SO] . This  ps  is  toxic  to  plants  and  animals 
and  is  oxidized  in  the  atmosphere  to  sulfuric  acid.  It  thus 
acu  as  an  aerosol  precursor,  may  have  an  effect  on  cloud 
formation,  and  is  therefore  of  potential  climatological  signifi- 
cance. The  H]SO«  may  lower  the  pH  of  rainwater  with 
deleterious  consequences.  Toxicity  of  SO]  and  acid  ram  are 
likely  to  be  confined  to  local  and  regional  Kale  effects  due  to 
the  short  ('•1-week)  residence  time  of  atmospheric  sulfur,  but 
changes  in  aerosol  or  cloud  properties  are  global  Kale  phe- 
nomena. 

The  chemistry  of  the  atmosphenc  portion  of  the  sulfur 
cycle  over  land  is  shown  in  Fig.  8.  Volcanic  activity  is  a 
modest  rource  of  natural  SO]  (2  Mt  (S)/yr)  compared  with 
industnal  output  (65  Mt  (S)/yr).  The  largest  natural  source 
of  atmosphenc  sulfur  is  provided  by  decay  of  organic  material 
in  the  biosphere  (58  Mt  (S)/yr  over  land).  This  input  is  m 
the  form  of  reduced  sulfur  such  as  hydrogen  sulfide  and  or- 
garuc  sulfides  (dimethyl  sulfide,  DMS.  dimethyl  disulfide, 
DMDS)  and  is  rapidly  oxidized  to  SO]  by  reKtions  with 
atmospheric  trace  constituents  [80]  The  oxidation  mecha- 
nism IS  as  yet  unclear.  The  lifetime  of  reduced  sulfur  m the 
atmosphere  is  of  the  order  of  hours,  but  reaction  of  H]  S with 
0)  results  in  a lifetime  of  a month  or  more.  Reaction  of  H]S 
with  OH  IS  futer  but  still  results  in  a lifetime  of  a few  days. 
It  may  be  that  oxidauon  of  reduced  sulfur  ui  the  atmosphere 


Fi|.  9.  The  Sulfur  cycle.  The  number  of  Mt  of  lulfur  in  the  indicated 
ie»«r»oiij  arc  ihca'n  is  to.xss.  The  flu-tes  between  •eser'oii*  art 
thown  by  the  arrows  and  given  in  Mt  (S)/yt.  The  physical  or  biologi- 
cal process  0ving  rise  to  these  fluxes  is  suted  next  to  the  arrow. 

results  from  reaction  of  organic  sulfides  with  NO,,  but  this 
mechanism  is  uncertain. 

Sulfur  dioxide  is  itself  oxidized  in  the  atmosphere  with  a 
lifetime  of  hours.  This  may  occur  by  gas  phase  reaction  with 
OH  and  HOi  radicals  to  form  SO),  which  is  then  rapidly 
absorbed  in  water  vapor  to  form  sulfunc  acid,  or  the  SO)  may 
undergo  heterogeneous  removal  by  reaction  with  dissolved 
0]  in  water  droplets.  The  relative  importance  of  these  mecha- 
nisms IS  uncertain,  but  it  is  difficult  to  account  for  the  short 
SO)  lifetime  solely  by  gas  phase  chemistry. 

A schematic  diagram  of  the  sulfur  cycle  is  shown  in  Fig.  9. 
The  magnitudes  of  the  sulfur  reservoirs  and  fluxes  are  based 
on  the  model  of  Fnend  [78]  but  have  been  adjusted  where 
necessary  to  maintain  the  observed  N/S  ratio  of  7 [81]  The 
large  impact  which  human  activity  has  on  the  sulfur  budget  is 
obvious.  The  65  Mt/yr  of  sulfur  emitted  to  the  atmosphere 
has  a substantial  influence  on  pollution  on  the  urban  and 
regional  scale,  but  whether  there  are  global  effects  associated 
with  this  or  with  potentially  larger  SO)  inputs  is  a largely 
unexplored  problem.  The  26  Mt/yr  of  sulfur  added  to  the  soil 
in  fertilizers  is  a significant  and  growuig  fraction  of  the  total 
sod  mput  of  147  Mt/yr.  Possible  ecological  consequences  of 
this  addition  have  not  been  addressed. 

VIII.  The  Halogen  Croup 

The  concentration  of  halogen  compounds  in  the  atmosphere 
IS  much  less  than  that  of  the  other  groups  thus  far  discussed, 
being  generally  of  the  order  of  ppb  or  less.  Recent  research 
uiterest  m this  group  denves  from  the  fact  that  the  anthropo- 
genic contribution  to  atmospheric  halogens  is  a clearly  signifi- 
cant source  and  that  these  species  are  believed  to  efficiently 


reduce  stratospheric  ozone  and  in  some  cases  to  possess 
radiative  properties  of  possible  climatic  significance  [82] . 

The  most  abundant  naturally  occurring  halogens  are  the 
marine  organic  halogens  CH)C1,  CH)Br,  and  CHjI  [36]  which 
are  present  in  abundances  of  about  780  ppt,  10  ppt,  and  1 .2' 
ppt,  respectively. 

Anthropogenic  contributions  to  the  halogen  budget  consist 
primarily  of  the  chlorofluoromethanes  CCI)F  and  CC1)F) 
and  carbon  tetrachloride  CG4  [83].  In  the  early  1970's  the 
tropospheric  concentrations  of  CCl)  F,  CCl)  F) , and  CCI4  were 
about  90  ppt,  100  ppt;  and  120  ppt,  respectively  [84] . 

Most  of  the  concern  over  atmospheric  halogens  centers  on 
the  ability  of  the  long4ived  industrial  compounds  CClyF  and 
CCl)  F)  to  diffuse  into  the  stratosphere  where  they  will  dis- 
sociate and  release  chlorine,  leading  to  a postulated  reduction 
of  ozone.  A review  of  the  extensive  literature  on  this  subject 
is  not  within  the  scope  of  this  paper  (see  [85] , [86] ). 

The  accumulation  of  chlorofluorocarbons  and  CCI4  in  the 
tropospiiere  could  have  climatic  consequences,  however,  as 
pointed  out  by  Ramanathan  [82] , who  states  that  a surface 
temperature  increase  of  0.8  K could  occur  if  the  concentration 
of  CC1)F  and  CG)F)  were  each  increasi.d  to  2 ppb.  about  a 
20-fold  mcrease  over  present  levels.  Wang  era/.  [56]  derive  a 
0.54  K maximum  surface  temperature  increase  for  the  same 
assumed  increase  in  CG)F  andCG)F)  concentrations.  The 
difference  in  these  two  results  is  to  some  extent  due  to  the 
fact  that  Wang  tt  at.  use  more  recently  measured  band  intensi- 
ties for  the  (9.13  utn)  and  i>t  (10.93  *mi)  bands  of  CG)F) 
and  the  (9.22  nmjand  ut  (11 .82  imt)  bands  of  CCl)  F which 
are  roughly  half  the  older  values  used  by  Ramanathan . 

IX.  Summary 

The  fact  of  man's  intervention  m the  geochemical  cycles 
which  control  the  composition  of  the  atmosphere  has  only 
recently  been  appreciated.  Attempts  to  predict  the  conse- 
quences of  such  interventions  now  occupy  the  efforts  of  a 
growing  number  of  researchers  m many  fields.  These  efforts 
are  necessarily  of  a broadly  interdisciplinary  character  involv- 
ing biologists,  chemists,  geologists,  oceanographers,  meterorol- 
ogists,  aeronomers,  and  others  seeking  answers  to  the  many 
questions  of  environmental  concern  which  have  been  raised 
by  man's  activities. 

Interest  in  the  oxygen  group  from  the  point  of  view  of  its 
influence  on  pollution  and  climate  centers  on  the  rote  of 
ozone  and  atomic  oxygen  in  tropospheric  photochemistry. 
Ozone  is  the  precursor  of  all  global-scale  tropospheric  photo- 
chemistry and  undentanding  of  the  processes  which  produce 
and  destroy  ozone  in  the  troposphere  is  thus  of  fundamental 
importance  as  an  element  in  the  understanding  of  the  atmo- 
spheric phase  of  other  geochemical  cycles.  This  problem  is 
currently  an  active  area  of  research,  but  the  major  questions 
regarding  the  relative  importance  of  transport  and  photo- 
chemistry in  establishing  the  ozone  distribution  remain 
unanswered. 

Man's  intervention  m the  carbon  cycle  results  chiefly  from 
the  burning  of  fossil  fuels  and  is  mainly  mamfested  in  the  in- 
creasing atmospheric  concentration  of  carbon  dioxide.  The 
general  problem  is  to  predict  future  atmospheric  levels  of 
CO)  and  the  climatic  consequences  of  such  levels.  The  major 
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itiuM  involved  in  predicting  these  levels  presently  include  the 
role  of  deforesution  u a CO]  source  and  the  present  and 
future  effectiveness  of  the  oceans  a CO]  sink.  The  major 
difilcuities  in  predicting  the  climatic  consequences  of  increased 
CO]  abundances  are  in  properly  including  climate  feedback 
mechanisms,  such  u albedo  and  doud  cover  changes  and 
ocean  coupling,  in  mathematical  models. 

A perturbation  to  the  nitrogen  cycle  it  occurrittg  as  a result 
of  the  increasing  use  of  fertiUzert  in  agriculture.  The  annual 
industrially  Hxed  nitrogen  resulting  from  this  use  is  either 
already  or  by  the  end  of  the  century  will  be  equal  to  the 
amount  of  nitrogen  fixed  naturally.  It  hu  been  suggested  that 
• one  consequence  of  this  intervention  in  the  nitrogen  cycle 
will  be  an  increase  in  the  abundance  of  nitrous  oxide  as  the 
denitrification  rate  adjusts  to  the  increased  fixation  rate. 
Additional  N]0  could  result  in  a decrease  in  the  amount  of 
stratospheric  ozone  and  might  also  make  a contribution  to 
the  greenhouse  effect.  Uncertainties  abound  in  this  problem. 
Among  those  that  have  been  discussed  in  the  literature  are  the 
atmospheric  residence  time  of  N]0  (5-160  yrs),  the  fraction 
of  denitrified  fertilizer  nitrogen  that  enten  the  atmosphere  as 
N]0  (0.025-0.4),  the  fraction  of  fertilizer  nitrogen  that  is 
rapidly  denitrified  (highly  uncertain),  and  the  effect  of  a given 
N]0  increase  on  stratospheric  ozone  and  the  greenhouse  effect 
(perhaps  a factor  of  2 uncertainty). 

The  hydrogen  group  is  chemically  active  in  the  atmosphere 
and  u thus  subject  to  perturbations.  Changes  in  the  abun- 
dances of  the  components  of  this  group  would  not  (excepting 
water  vapor)  have  a direct  influence  on  pollution  or  climate. 
The  extremely  active  hydroxyl  radical,  however,  reacts 
strongly  with  every  other  major  atmospheric  group  and  changes 
in  its  mean  abundance  could  have  far-reaching  consequences. 

Man  is  also  intervening  in  the  sulfur  cycle,  but  global-scale 
consequences  of  this  influence  have  yet  to  be  identified.  Most 
of  the  SO]  that  enters  the  atmosphere  is  of  industrial  origin 
and  this  can  potentially  alter  such  things  as  the  atmospheric 
aerosol  loading  the  acidity  of  rainfall  over  at  leut  mesosCale 
regions.  The  26  Mt/yr  of  sulfur  added  to  the  soil  in  fertilizers 
is  relatively  large  compared  to  natural  sources.  If  substantially 
increased  coal  burning  occun  in  the  future  in  response  to 
shortages  of  alternate  fuels  the  magnitude  of  the  industrial 
sulfur  source  will  increase  still  further.  It  is  essential  that  some 
attempts  to  underatand  the  potential  impact  of  this  fact  be 
made  in  future  research. 

The  halogens  are  relatively  inactive  chemically  in  the  tropo- 
sphere and  recent  research  interest  has  centered  on  the  reduc- 
tion of  stratospheric  ozone  which  might  be  a consequence  of 
their  release  into  the  atmosphere.  Some  of  the  components 
of  this  group  do,  however,  have  absorption  bands  in  the 
thermal  IR  and  it  has  been  suggested  that  their  continued 
buildup  m the  troposphere  might  contribute  more  than  half  a 
degree  Kelvin  to  the  greenhouse  effect. 

It  must  be  borne  in  mind  that  tlie  elemental  cycles 
oxygen,  carbon,  nitrogen,  hydrogen,  and  sulfur  which  have 
been  discussed  individually  are  strongly  coupled  to  one  another 
through  the  biosphere  and  atmosphere.  The  carbon  and 
oxygen  cycles  are  coupled  over  time  scales  up  to  '^10^  years 
by  the  biological  processes  of  photosynthesis,  respiration  and 


decay,  and  over  longer  time  scales  by  geochemical  interactlona. 
The  carbon,  nitrogen,  and  sulfur  cycles  are  coupled  by  the 
nutrient  needs  of  the  biosphere  and  to  a lesser  extent  by  chem- 
ical interactions  in  the  atmosphere.  The  increasing  abundance 
of  carbon  dioxide  resulting  from  human  intervention  in  the 
carbon  cycle  may  not  in  itself  permit  an  expansion  of  the  bio- 
mau  since  other  nutrients  such  as  nitrogen  and  phosphorous 
are  the  limiting  factors.  On  a small  Kological  Kale  the  eutro- 
phication of  lakes  and  streams  provide  examples  of  the  extent 
to  which  natural  cycles  may  be  perturbed  when  limiting  nutri- 
ents are  supplied  by  man.  With  the  possible  exception  of  the 
interactions  of  the  carbon-oxygen  cycle,  the  interactions  be- 
tween the  elemental  cycles  have  not  yet  been  explored  in 
adequate  quantitative  detail.  It  is  likely  that  u understanding 
increatts,  interrelationships  among  the  various  geochemied 
cycles  wiU  emerge  and  the  interdiKiplinary  nature  of  this 
reMarch  will  be  enhanced. 
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ABSTRACT 

Except  for  the  lowest  harmonics,  small-amplitude  stellar  pulsation  modes  possess  many  simple 
properties  whose  evaluation  does  not  require  numerical  integration  of  the  fourth-order  equations 
of  motion.  All  antinodes  tend  to  have  the  same  total  kinetic  energy  except  for  thoic  lying  nea*- 
physical  or  geometric  boundaries.  However,  when  kinetic  energy  per  unit  volume  is  considered, 
order-of-magnitude  enhancements  are  seen  in  antinodes  lying  near  the  center  of  the  star,  and 
factor-of-2  enhancements  occur  near  the  polar  axis.  The  nodes  are  distributed  very  regularly 
along  the  radius.  They  follow  an  exponent!^  law  in  g-repions,  and  their  separation  is  proportion^ 
to  the  sound  travel  time  in  p-regions.  A simple  graphical  procedure  is  describ^  for  surveying 
the  oscillation  frequencies  of  a new  stellar  model.  A precise  condition  is  derived  pving  the  division 
of  energy  between  radial  and  angular  motion.  Another  condition  gives  the  fractional  contribution 
to  the  velocity  field  of  its  two  sources,  the  divergence  and  the  curl.  Certain  simplifying  results 
of  weak  coupling  among  the  linear  modes  are  briefly  described. 

Subjtct  htading:  stars:  pulsation 


I.  INTHODUCnON 

It  is  still  possible  to  discover  simple  properties  of 
stellar  pulsation  modes  because  the  subject  has  de- 
veloped along  a unique  coune  emphasizing  detailed 
numerical  integration  of  the  lowest  harmonic  modes. 
While  this  course  has  led  to  successful  interpretations 
of  giant  classical  variables,  there  has  been  growing 
recognition  in  this  decade  that  many  stars  are  multi- 
periodic,  and  therefore  require  a broader  outlook. 
White  dwarf  variables  are  known  vith  many  periods 
in  their  light  curves ; an  example  would  be  HL  Tau  76, 
as  measured  by  Fitch  (1973).  The  /3  Canis  Majoris 
stars  also  appear  to  be  multiperiodic  (see  Ledoux  1974 
for  a brief  review).  Measurements  by  Deubner  (1975) 
and  Rhodes,  Ulrich,  and  Simon  (1977)  prove  that  a 
great  many  modes  are  active  in  the  Sun  with  periods 
from  3 to  10  minutes.  Exciution  of  these  global  modes 
in  the  Sun  was  predicted  by  Wolff  (1972n,  b),  and  part 
of  that  work  has  been  redone  much  more  completely 
by  Ando  and  Osaki  (1975).  Numerous  oscillations  of 
the  Sun  at  periods  up  to  an  hour  were  detected  by  Hill 
and  Stebbini  (1975)  and  by  Hill,  Stebbins,  and  Brown 
(1976)  in  solar  dimeter  measurements.  Others  did 
not  confirm  this,  but  Hill  (1977)  hu  made  a complete 
analysis  of  reports  from  various  observers  and  finds 
the  most  likely  interpretation  to  be  that  Icng-penod 
oscillations  are  active  in  the  Sun. 

Over  the  lut  half  century,  until  recently,  studies  of 
variable  stan  were  pursued  under  four  strong  biases: 
(1)  Spherically  symmetric  motion  was  usually  assumed 
for  simplicity,  although  work  before  Eddin^on  often 
discuss^  angular  modes  associated  with  tidal  dis- 
tortions (Ledoux  and  Walraven  1958).  Relatively  few 
authors,  such  as  Cowling  and  groups  working  with 
Ledoux  and  Chandrasekhar,  gave  detailed  considera- 
tion to  nonradial  motion.  (2)  The  fundamental  mode 


of  oscillation  and  the  several  lowest  harmonics  had 
been  studied  almost  exclusively.  (3)  Observers  ex- 
pected to  find  one  period  of  os^Iation  or  a few,  at 
most.  Many  additional  periodicities  near  the  noise 
level  could  have  easily  passed  undiscovered  in  the 
presence  of  this  bias.  (4)  Coupling  among  the  modes 
has  been  almost  entirely  ignored  except  for  the  ele- 
mentary possibility  of  a pair  of  low  harmonics  whose 
oscillation  periods  happen  to  be  almost  the  same. 
Dramatically  different  results  can  occur  for  higher- 
order  modes  under  nonlinear  coupling.  For  example, 
Wolff  (1974d)  imposed  a nonlinear  energy-maximizing 
condition  to  couple  the  modes.  This  led  to  motion 
concentrated  into  a few  small  solid  angles  centered 
on  the  star,  leaving  most  of  the  4ir  steradians  par- 
ticipating only  weakly  in  the  oscillation.  In  this  paper, 
we  will  consider  the  full  spectrum  of  small-amplitude 
pulsation  modes  in  a nonrouting  star  (the  spheroidal 
modes).  Several  properties  applying  to  all  the  modes 
are  given  in  § II.  Properties  applying  to  all  but  the 
well  studied  low  harmonics  are  collected  in  § III.  The 
unique  nature  of  the  central  and  polar  regions  is  dis- 
cussed in  $ TV,  and  three  forms  ot  mode  coupling  are 
discussed  in  { V. 

n.  OEMEJIAL  RESULTS 

a)  Lmtariztd  Equations  in  Compact  Form 

For  a star  whose  time-averag^  sute  it  at  rest  and 
in  hydrosutic  equilibrium,  adiabatic  pulsations  of 
small  amplitude  are  governed  by  the  three  linearized, 
fluid  equauons  conserving  mass,  momentum,  and 
energy, 

0 - . (1) 

0 - - + Vp  + pVH'o  + (2) 

0 - p + + 5-Vp,,  (3) 
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and  by  Poisson's  equation,  ^ "•  4*<7  x 

<f  ^).  All  time  dependence  is  in  a factor,  exp  (/2«vr). 
which  has  already  own  separated  and  cancued  from 
the  above  system.  In  these  equations,  and 
represent  the  time^vcrafed  pressure,  density,  and 
iravitational  potential,  ine  same  symbols  without 
subscripts  and  multiplied  by  the  time  dependence 
r^resent  the  Eulerian  perturbations  due  to  the  osdlla< 
tions.  The  displacement  ( is  alwaj's  used  instead  of 
the  velocity  t - because  the  dis|)lacemeat  is  in 
time-phase  with  the  other  pulsation  variables.  Finally, 
(7  is  the  pivitational  constant  and  Ft  is  the  appro- 
p^te  adubatic  coeflScient.  The  fraphs  in  this  pjmr 
will  show  the  true  frequency  » of  the  oscillation. 
or  its  inverse  is  what  observen  almost  universally 
plot,  and  it  is  the  basic,  physicai  quantity.  But  the 
square  of  ue  angular  frequency  appears  often  and  it 
will  be  understood  that 

A,-(2i»r0*.  (4) 

for  any  frequen^  defined  herein.  Ledoux  (1974)  and 
Cox  (1976)  provide  recent  reviews  of  the  solutions  to 
this  system  of  equations,  and  Hill  (1977)  discusses 
solutions  in  surface  layers.  For  the  Sun  alone,  IGO 
oscillation  frequencies  have  been  computed,  and  Hill 
gives  a graph  of  their  distribution  in  frequency  and 
angular  harmonic  number. 

A linear  oscillation  mode  depends  on  just  one  of  the 
spherical  harmonic  functions,  F|*(d,  d)>  which  can  be 
separated  and  canceled  from  the  above  system.  The 
resulting  radial  equations  are  greatly  simplified  by 
choosing  a pair  of  natural  variables, 

F- (5) 

Q - , (6) 

where  £ is  the  adiabatic  invariant  uid 

D “ £*;>,■*/••*.  The  variables  are  proportional  to 
the  radial  and  angular  displacement  functions,  and 
(a,  defined  by 

+ (7) 

where  «,  is  a unit  vector  in  the  radial  direction.  This 
form  of  the  displacement  gives  all  the  spheroidal  modes 
but  excludes  the  toroidal  modes  (Aizenman  and 
Smeyers  1977).  The  latter  become  important  in  rapidly 
rotating  stars.  Ledoux  and  Walraven  (1958,  § 79) 
showed  how  variables  similar  to  P and  Q compress 
the  second  order  ^uations.  Our  variables  similarly 

shorten  most  scalar  expressions  arising  in  the  fourth- 
order  system.  The  ratio.  QIE,  is  the  amplitude  of  the 
angular  momentum  per  unit  mass  caused  by  the 
oscillation.  The  product,  PE,  is  the  amplitude  of 
radial  momentum  per  unit  solid  angle  and  unit  radial 
disunce.  The  word  "amplitude"  could  be  removed 
if  PE  and  QjE  were  multiplied  by  the  sinusoidal  time 
dependence  and  by  their  respective  angular  de- 


pendences, Y and  e,  x V X.  In  the  natural  variables, 
equations  (1H3)  collapse  to 

F'+(A-\)^- w,,  (8) 

C'-(A-A,)^- w,.  (9) 

where  primes  will  hereafter  stand  for  djib’,  terms  con- 
taining derivatives  of  Fi  have  been  ignored,  and  c*  > 
riFoPo*‘>  the  square  of  the  sound  speed.  The  right- 
hand  members  are  proportional  to  the  gravity  per- 
turbation and  are  usually  negligible  except  at  the 
center  of  the  star.  Their  exact  values  are  w,  - 
>}'*ED~^e'*W  and  w,  - A •»'*£’ IF.  The  compact 
form  of  (8)  end  (9)  has  the  additional  virtue  of  clearly 
displaying  the  squares  of  the  two  frequencies  con- 
trolling the  radial  distribution  of  kinetic  energy  in  a 
global  oscillation  mode, 

A»--IF,’£7£.  (10) 

A,  - /(/ + l)c*/r» . (11) 

The  frequencies  are  associated  with  regular  singu- 
larities in  the  equations  of  motion  (Ledoux  1974)  and 
will  be  discussed  and  plotted  in  § Ilia. 

b)  Curl-  and  Divtrgence- Dominated  Motion 

The  flow  pattern  in  a particular  oscillation  mode  is 
quite  often  mainly  a swirling  motion  with  little  com- 
pression, or  it  is  just  the  opposite — a mostly  irrotational 
motion  with  significant  compression.  The  relative 
imporunce  of  each  type  is  easily  derived.  First,  note 
that  the  lut  term  in  each  of  ^nations  (1)  and  (3) 
depends  only  on  (,  because  the  equilibrium  state  is 
spherically  symmetric.  Eliminating  from  these  two 
gives 

^*5  “ (Po  P ~ • (12) 

Dividing  (2)  by  Ap,  and  taking  the  curl  gives 

^ X 5 - i^Po  X Vp  - Vp,  X Cp) , (13) 

where  use  was  made  of  the  hydrostatic  condition. 

m -Vp,.  It  is  known  that  the  angular  de- 
pendence of  both  p and  p is  X*  for  a given  mode. 
Substituting  this  into  (12)  and  (13)  gives  a result  which 
can  be  written  u the  product  of  a radial  and  un 
angular  function. 

V-?- ^^r)[X,-I  (14) 

’7x5--4,(r)((/*)-‘rx^Xr].  (15) 

Using  the  factor  /•  - [/(/  + 1)]*'*  ensures  that  the 
absolute  value  squared  of  each  quantity  in  brackets 
will  integrate  to  one  over  the  unit  sphere.  Equations 
(14)  and  (15)  define  a divergence  amplitude,  At,  and 
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a curl  amplitude,  At.  Forming  the  quotient  of  (12) 
and  (13)  and  then  introducing  these  definitions  ^ve 
the  very  simple  result. 


where  ■ /•e*(-£'X£r)*‘.  This  shows  that  the 
divergence  is  the  dominant  component  of  the  motion 
where  the  oscillation  frequency  is  sufficiently  larger 
than  *t4>  sod  that  the  curl  dominates  where  v is  small 
enough.  Figure  1 displays  as  a function  of  radial 
distance  in  the  Sun.  The  full  curve  and  the  segment 
near  the  surface  are  for  modes  with  / • 1 ; the  two 
other  short  segments  indicate  the  locations  of  parallel 
curves  for  the  tenth  and  hundredth  harmonics.  We 
see  that  the  curl  dominates  the  motion  of  Iow-fre> 
uency  modes  (g>modes)  in  the  solar  core  and  that  the 
iver^nce  is  dominant  for  all  modes  in  the  main 
solar  convection  zone.  The  curves  cannot  be  drawn 
in  a convection  zone  because  A,^  is  a small,  negative 
quantity  there.  The  solar  model  used  in  this  paper  is 
No.  6 of  Weymann  and  Sears  (1965),  joined  smoothly 
in  the  deep  photosphere  to  the  Harvard-Smithsonian 
Reference  Atmosphere  (HSRA)  (Gingerich  «r  al. 
1971). 

Equation  (16)  is  a rather  general  result,  requiring 
no  knowledge  of  how  the  oscillation  is  distribute  with 
depth.  The  only  properties  of  the  mode  which  enter 
are  its  frequency  and  the  principal  index,  /,  of  the 
spherical  harmonic  involved.  According  to  (16), 
purely  incompressible  or  purely  irrotational  motion 
u approached  in  the  limits  of  very  small  or  very  large 
v,  respectively.  These  limiting  forms  help  in  visualizing 
the  motion  but  give  no  unmediate  mathematical 
simplification  because,  setting  either  A,  or  A^  to  zero 
causes  the  other  to  vanish  also  (by  eq.  (16]),  artd  no 
spheroidal  motion  exists.  A single  exception  is  known 
where  oscillations  completely  free  of  divergence  are 
possible;  this  is  the  textbook  example  of  a homo- 
geneous sphere  (Robe  1965;  Aizemnan,  Smeyers, 
and  Weigert  1977). 

m.  RESULTS  USEFUL  IN  ALL  BUT  THE  LOWEST 
HARMONICS 

d)  p~Regions,  g'Regions,  and  Mod* 
Classification 

For  / > 0,  it  is  very  common  to  regard  the  gravita- 
tional perturbation  fV  as  negligible,  whereupon  the 
equations  of  motion  are  reduced  to  second  order.  The 
assumption  appears  to  fail  sufficiently  close  to  the 
center  of  a star,  where  it  can  be  shown  that  IV  makes 
a contribution  to  the  momentum  equation  (2)  com- 
parable to  the  pressure  gradient,  the  only  other  sig- 
nificant force  in  the  region.  However,  the  assumption 
is  saved  by  the  fact  that  the  central  stellar  regions  are 
of  rapidly  diminishing  importance  to  an  angular 
harmonic  mode  with  / > 1,  because  the  oscillation 
amplitude  goes  to  zero  at  the  origin.  The  traditional 
reasons  for  ignoring  fV  in  the  outer  regions  of  the  star 
and  for  high  harmonics  were  first  suted  by  Cowling 
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Fio.  1. — Curi-divergtncf  frequeocy  r.«  scperating  zones  in  a 
star  where  the  oscillatory  motion  is  given  predominantly  by 
V K * or  mostly  by  V.s.  A conventional  solar  model  is  jsed 
and  the  complete  curve  applies  when  the  spherical  harmonic 
index  / ■•  1.  Short  lesoncn^  ttt  given  of  me  parallel  curves 
for  I “ 10  and  100.  The  divergence  dominates  for  all  fre- 
quencies of  practical  interest  in  the  solar  convection  zone. 

(1941).  Numerical  work — especially  that  of  Robe 
(1968) — shows  that  the  approximation,  W m 0,  causes 
Uttle  error  except  for  the  lowest  radial  uarmonics  and 
for  the  case  / » I.  Excepting  these  few  modes,  the 
applicable  equations  are  (8)  and  (9),  with  • 0 •> 
wg.  They  can  easily  be  combined  into  a single  second- 
order  equation  by  eliminating  either  F or  I do  this, 
keeping  Q,  and  introduce  the  new  radial  variable, 

u - j drD{\  - A,) , (17) 

which  is  monotonic  with  r in  any  interval  where 
A - Ag  does  not  change  sign.  In  this  variable,  the 
equation  reaches  the  irreducibly  simple  form  of  a 
wave  equation, 


where  S ■ Z>*c*A(A  - A,X^  - A,)*‘.  A few  attempts 
to  sketch  a function  whose  second  derivative  bears  a 
constant  sign  relative  to  the  functi 'n  itself  will  prove 
that,  if  5 is  positive,  the  oscillation  amplitude  Q can 
have  numerous  nodes  and  extremes  as  u increases.  If 
5 is  negative,  Q must  be  a growing  or  decaying  func- 
tion of  u with  one  node,  at  most.  Equation  (18)  be- 
comes the  most  compact  statement  of  this  sinusoidal 
or  exponential  behavior  which  Cowling  discovered 
in  the  limit  of  very  large  or  very  small  v,  and  which 
heretofore  has  b^  proved  by  anoeal  to  Sturm- 
Liouville  theory.  The  radial  momer.um  function  P 
behaves  similarly  to  Q because  its  wave  equation  al>o 
contains  5 as  the  sign-determining  factor.  The  two 
frequencies  controlling  the  sign  of  5 are  the  buoyancy 
frequency  v,  and  a horizontal  acoustic  frequency  y,. 
The  first  is  also  called  the  Brunt-Viisili  frequency, 
and  the  second  gives  the  time  v,~^  in  which  sound 
travels  one  horizontal  wavelength  along  a typical 
arc  concentric  with  the  star.  Equations  (4),  (10),  and 
(11)  give  the  analytic  forms.  Scuflaire  (1974),  Unno 
(1975),  and  (Dsaki  (1975)  saw  the  utility  of  plotting 
these  freq'uncies  versus  radial  distance;  Figure  2 is 
an  analogous  plot  for  the  solar  model.  A solar 
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Fio.  2.— Two  buic  fnautncM*  controHinf  Uw  local 
chanctcmtia  of  itcllar  puuation  mod«.  The  solid  curve 
vet  the  buoyincy  frequency  and  a single  dashed  curve, 
beled  by  the  appropriate  value  of  /,  gives  the  horizonul 
acoustic  frequency  »i.  Where  the  occilUtion  frequency  lies  well 
below  both  curves,  the  oscillation  r,  like  a classical  p>mode. 
Where  it  lies  well  above  both  curves,  the  behavior  is  like  a 
^irtoda.  Tiie  HSRA  models  the  surface  layers  of  the  Sun  and 
contains  a densitjHnvenion  causing  the  narrow  trench  in  the 

curve  near  0.999  The  wider  trench  above  0.’’6  X«  is 
caused  by  the  solar  convection  zone. 

convection  zone  above  0.7  and  a density  inversion 
in  the  visible  layers  near  0.999  cause  to  take  on 
small,  negative  values  ic  these  layers.  Near  the  origin, 
the  figure  shows  functional  dependences  of  and 
r which  should  hold  in  all  stars  with  thermally  sup- 
ported, nonconveaive  cores.  Since  there  is  no  oscilla- 
tion frequency  for  which  5 is  the  same  sign  throuj^- 
out  the  star,  there  is  no  mode  everywhere  possessing 
the  features  Cowling  found  in  modes  in  polytropes  in 
the  limits,  v -*■  0 or,  oo. 

Generalization  of  the  Cowling  clawification  to  real 
stars  is  long  overdue  The  local  properties  of  a mode 
depend  crucially  upon  the  size  of  two  frequency  ratios. 
Ft  • W«’i)*  Fi  - (v/v»)*,  implicit  in  S.  Only  where 
both  fi  and  f| » 1 does  a stellar  mode  res'^mble 
Cowling’s  extreme  ^mode,  namely,  primarily  radial 
motion  and  relatively  large  fractional  pressure  fluctua- 
tions. Only  where  Fi  and  Fa  « I is  an  oscillation  like 
an  extreme  g-mode,  with  mainly  horizontal  motion 
and  relatively  small  fractional  prewure  changes.  Both 
extremes  can  occur  in  the  same  mode  at  diflerent 
locations  in  a real  star.  Let  us  define  a p-region  (g- 
region)  as  a shell  in  which  Ft  and  Ft  are  everywhere 
greater  than  (less  than)  1.  Both  are  regions  where  5 
u positive,  and  ooth  are  bounded  by  spheres  where 
either  Fj  or  Fj  ■ 1.  Scuflaire  has  shown  that  these 
regions  are  analogous  to  layers  in  a plane-parallel 
atmosphere  where  acoustic  or  gravity  waves  ” propa- 
gate.” Most  of  the  kinetic  energ:/  of  a typical  linear 


mode  is  contained  within  a single  5-positive  re^on 
(9  me,  and  G<y">  siS  and  ^meyers  1974).  This  region 
naay  be  thou  '«  u a lever  in  which  the  oscillation 
is  ”trapped  / part<‘  Jiy  leflecting  layers  (5-negative) 

above  and  oelnw.  Ti.e  boundary  conditions  can  still 
be  ap|>lied  ut  the  center  and  surface  of  the  sta- , but 
numeric*  ‘ i 'JicuIUes  may  arise  when  there  is  almost 
perfect  m. Lection.  Other  locations  have  been  used  for 
the  boundary  (Dziembowski  1977;  Osaki  1977)  to 
reduce  computer  time  and  to  treat  cases  with  heavy 
damping  ouuide  the  main  5-p<»itive  region.  A star 
has  'aiany  more  sets  of  pulsation  modes  than  the 
conventional  classification  can  accommodate  if  the 
star  has  many  5-positive  regions.  This  was  discovered 
by  Tasaoul  and  Tauoul  (1968)  in  at.  abstract  sur 
consisting  of  alternating  convective  .rd  radiative 
layers.  Since  then,  Goosens  and  Smeyers  have  studied 
the  energy  distribution  among  polytropic  layers,  and 
Shibahashi  and  Osaki  (1976)  have  studied  a m«sdve 
star  with  molecular  weight  gradient  in  the  core.  They 
find  a whole  spectrum  of  modes  associated  with  each 
5-positive  region.  Thus,  a modem  classification  must 
state  in  which  of  these  regions  the  energy  is  concen- 
trated. Then  the  modes  can  be  further  labeled  by  the 
two  integers.  / and  m,  defining  the  angular  harmonic, 
and  by  the  radial  harmonic  number  |k|,  counting  in 
consecutive  integers  from  zero  at  the  lowest  radial 
harmonic  for  a given  angular  state.  Modes  with  jt  ■■  0 
are  the  /-modes  of  the  Cowling  nomenclature  and  are 
often  exceptional  in  extending  significantly  over  much 
of  the  star.  They  seem  to  have  no  true  analog  in  the 
case  I > 0(see  discussion  of  Fig.  1 in  Cox  1976).  Thus, 
it  might  be  best  to  start  with  k * 1 when  numbering 
the  spherically  symmetric  cases.  This  would  differ 
by  one  from  the  labels  used  by  Cox  and  others,  but 
would  agree  with  the  conventions  of  Christensen- 
Dalsgaard  and  Gough  (1976)  and  Hill. 

The  four-dimensional  classification  (activated  region, 
k,  /,  m)  presented  above  can  often  be  shortened.  For 
example,  m can  often  be  dropped  in  slowly  rotating 
stars  because  the  quantity  or  interest  depends  only 
weakly  on  m.  I use  the  additional  convention  of 
positive  integers  for  k when  a p-region  has  most  of  the 
eneri^,  and  negr  v /e  integers  when  a g-region  does. 
This  is  convenient  in  simple  stars  because  the  context 
often  makes  clear  that  there  is  only  one  p-region  and 
one  g-region  of  interest;  then,  reference  to  the  r-«,ion 
can  be  dropped  also,  leaving  just  the  pair  (k,  /)  for 
identification.  A special  difficulty  in  classification 
arises  when  the  oscillation  frequency  of  one  mode, 
concentrated  in  a p-region,  is  very  close  to  the  'e- 
quency  of  another  mode  concentrated  in  a g-re^  on. 
Aizenman,  Smeyers,  and  Weigert  (1977)  showed  that 
the  two  layers  act  like  coupled  oscillaton,  perturbing 
the  frequency  of  both  modes.  Their  graphs  also  show 
how  a mode  with  a single  name  under  the  conventional 
nomenclature  can  gradually  change  its  behavior  from 
p-type  to  g-type  top-type,  etc.,  as  the  star  evolves.  The 
new  classification  suggested  herein  gives  the  more 
appealing  result  of  labeling  a mode  with  certain 
physical  properties  by  the  same  set  of  integers  at  most 
instanu  in  the  evolution  of  the  star.  Finally,  our 
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scheme  could  also  incorporate  the  “convective*’ 
solutions  concentrated  in  negatived  regions  for  which 
the  notation  has  been  gr.  However,  only  under 
exquisitely  controlled  laboratory  conditions  do  linear 
convective  modes  seem  to  be  observed.  In  real  stars, 
with  the  possible  exception  of  semkonvection,  self- 
exdted  convection  seems  to  be  a strongly  nonlinear 
phenomenon  to  which  our  equations  would  rarely 
apply.  I find  the  practice  of  classifymg  convection 
with  the  linear  pulsation  modes  to  be  distracting. 

To  illustrate  the  use  of  Figure  2,  consider  a mode 
with  energy  concentrated  in  the  main  g-r^on  of  the 
Sun  and  (A;,/,m)  > (-3,2,m).  Its  oscillation  fre* 
quency  is  about  0.24  mHr  Drawing  a horizontal  Une 
at  this  frequency  will  show  that  the  mode  lies  in  a 
large  g>region  (0.024  < rj%  < 0.61),  a fairly  big 
p-region  (0.64  < r/R^  < 0.^8),  and  negative>.S  regions 
elsewhere  except  in  the  thin  shell  near  0.999  containing 
the  density  inversion.  Although  this  is  conventionally 
called  a g-mode  (gs*^,  / ■>  2),  Figure  2 shows  that  the 
extreme  properties  of  a Cowling  g>mode  never  occur 
because  Ft  ~ 1 throughout  the  g^region.  But  p-type 
characteristics  do  occur  because  Fi  and  Fg » 1 in 
much  of  the  main  p*region.  This  overlap  between  the 
physical  properdes  of  what  have  been  called  p-modes 
and  g-m^es  was  discovered  by  Dziembowski  (1971) 
in  giant  stars.  It  seems  more  useful  just  to  number 
the  modes  with  integen,  k,  as  suggested  above,  and 
to  start  paying  more  attention  .o  the  local  values  of 
crucial  ratios  such  as  equauons  (16)  and  (24),  giving 
the  relative  sizes  of  important  physical  quanddes. 

Figure  2 can  also  illustrate  the  origin  of  two  types 
of  modes,  trapped  in  the  outer  layers  of  the  Sun, 
which  were  originally  suggested  as  explanadons  for 
the  S minute  os^ations  (v  s 3 mHz).  Although  both 
types  were  derived  for  plane-parallel  layers  extending 
to  infinity,  they  locally  approximate  a global  mode  Lf 
their  horizontal  wavelength  is  short  enough.  The 
modes  of  Thomas,  Cark,  and  Clark  (1971)  were 
trapped  in  the  thin  g-region  above  0.99^  which 
exists  only  if  / is  about  2000  or  greater.  These  modes 
have  horizontal  wavelengths  shorter  than  is  now 
thought  to  be  typical  of  the  phenomenon.  Ulrich 
(1970)  studied  other  modes  trapped  in  the  p-region 
above  0.97  F®  corresponding  to  / s 400.  Ulrich’s 
modes  are  a special  case,  in  the  limit  of  large  /,  of  the 
global  c-modes  which  Wolff  (19726)  eventually 
suggested  as  the  general  explanadon. 

b)  Formal  Solution  under  the  Slowly  Varying 

Approximation 

Except  for  low  radial  harmonics,  the  magnitude  of 
a fluctuation  usually  changes  much  more  rapidly  with 
radial  distance  than  does  the  equilibrium  stellar 
model.  In  that  case,  the  interior  can  be  described  as 
slowly  varying,  and  its  spatial  derivatives  higher  than 
first  order  can  be  ignored.  The  wave  equation  (18) 
applies,  and  direct  substitution  will  show  that 

Q - (19) 


solves  (18)  if  the  single  term,  is  ignored. 

The  phase  angle  is  defined  by  0 « or, 
equivalently, 

- A-»'*  J (frc'HA  - A0^*(A  - A*)*«  . (20) 

The  constant  at  cannot  be  determined  by  a linear 
theory.  The  orthogonal  solution,  derived  in  a similar 
way,  is 

(21) 

In  other  work,  Smeyers  (1968)  derived  asymptotic 
solutions  in  terms  of  Bessel  functions  and  Dziembowski 
(1971,  1977)  and  Osaki  (1977)  derived  sinusoidal 
forms  in  which  equation  (20)  is  approxirtuted  by 
A 0 or  A -»-ao.  The  radial  and  angtdar  components, 
P and  Q,  are  typically  90”  out  of  phase  along  the  radius, 
as  is  known  from  exact  integrations.  We  can  see  this 
rougUy  with  the  approximate  solutions  by  sub- 
stituting equations  (19)  and  (21)  into  equations  (8) 
and  (9).  Ignoring  W and  all  derivatives  of  5,  one  gets 
Oi  s lAuj.  Since  a single  integral  (20)  determines  the 
solution  F(r),  Q(r),  the  fourth-order  system  of  dif- 
ferential equations  has  been  reduced  to  first  order  in 
this  approximation. 

There  is  a penalty  for  the  simplification.  Well  known 
regular  singdarides  in  the  complete  system  become 
manifest  in  soludons  of  the  approximate  problem. 
False  cusps  will  appear  as  5 changes  sign.  Fortunately, 
this  affects  only  very  thin  shells  b^use  of  the  qiuiner 
power  to  which  5 is  raised.  Figore  3 shows  the  ap- 
proximate solutions  (dashed  curves)  and  the  exact 
solutions  (solid  curves)  obtained  much  more  labori- 
ously from  soludon  of  the  fourth-order  system.  The 
solar  model  was  used.  The  solutions  are  for  the  modes 
(k,  /)  » (— 10, 2)  and  (—3, 2),  and  each  soludon  was 
normalized  to  uni^  at  one  of  its  extremes.  The 
oscilladon  frequencies  are  abo  shown  in  Figure  3.  The 
angular  component  Q contains  the  great  majority  of 
the  kinedc  ener^  in  the  tenth  harmonic  and  about 
two  thirds  of  it  in  the  third  harmonic.  Thus,  we  have 
a good  sample  of  the  total  modon  by  plotdng  only 
thb  component.  The  figure  shows  excellent  agree- 
ment for  ( - 10, 2)  throughout  the  g-region  and  even 
into  the  central  core.  The  heists  of  extremes  of  the 
dashed  curve  agree  to  1%  with  those  of  the  exact 
soludon  exc^t  for  the  two  closest  to  the  center,  where 
fluctuadons  in  the  gravitational  potendal  are  no  longer 
negligible.  Even  for  the  third  harmonic,  where  the 
slowly  varying  approximadon  must  have  considerably 
less  validity,  the  dashed  curve  corresponds  fairly  well 
with  the  exact  curve,  as  can  be  seen  on  the  lower  half 
of  the  figure.  Toward  the  surface,  the  dashed  curves 
are  not  shown  because  our  approximations  fail  in 
the  absence  of  nodes  in  these  layers.  Unlike  these  low- 
frequency  modes,  high-frequency  modes  in  p-regions 
can  have  lots  of  nodes  in  the  outer  layers  of  a star. 
Then  the  slowly  varying  approximadon  can  hold 
throughout  the  sur,  often  remaining  valid  up  to  the 
photosphere. 

Figure  3 shows  a fairly  constant  phase  difference  of 
12”  between  the  upper  curves  and  an  average  of  about 
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Fn.  3. — OKiilatioa  unpliiiKte  Q,  proportion«l  to  tngular 
momtntuin  per  unit  otnss.  is  plotted  against  radial  disance 
for  two  tj^kal  oscillauoa  nukles  concentrated  in  the  main 
f|-i«gion  or  the  Sun.  The  dashed  curves  were  obtained  from 
simple,  approximate  formulae  and  agree  very  well  with  the 
exact  solutions  (jo/id  curves)  obtained  by  numerkalty  inte* 
grating  the  4th  order  differential  equatinns  of  motion.  At  the 
boundaries  of  the  g-region,  the  approximate  solutions  have 
unrealistic  cusps  which  could  be  removed  by  a smooth  joining 
of  solutions  across  the  singularity.  The  ordinate  of  each  of  the 
four  curves  has  been  normalized  to  unity  at  one  of  the  extremes 
of  the  curve. 


the  saroe  amount  between  the  lower  curves.  Although 
one  could  artificially  remove  this  from  the  approximate 
solutions  with  prior  knowledge  about  the  exact 
solution,  the  phase  is  not  really  a free  parameter.  The 
physics  contained  in  equations  (8)  and  (9)  with  « 0 

says  that  either  P’  ot  Q’  should  vanish  where  either 
V,  or  V,  equals  the  oscillation  frequency.  This  means 
that  the  lower  limit  on  the  phase  integral  (20)  must 
be  chosen  so  that  this  condition  is  satisfied  at  one  of 
these  singular  points.  For  the  two  modes  on  Figure  3, 
the  outer  boundary  of  the  )f-region  was  used.  The 
inner  boundary  would  not  be  as  good  a choice  since 
IV  is  not  negligible  there.  To  summarize,  the  simple 
solutions  (19)  and  (21)  apply  to  all  but  the  lowest 
harmonics.  Th'-v  are  valid  at  least  in  those  paru  of 
the  star  where  the  energy  of  motion  is  concentrated, 
and  they  always  fail  in  thin  shells  near  the  singular 
points.  (Bessel  function  solutions  of  Smeyers  do  not 
fail  at  these  points.)  Our  solutions  are  expected  to 
hold  over  almost  all  of  the  stellar  volume  for  high 
frequency  modes.  Obviously,  our  simple  solutions  are 
realistic  enough  for  many  applies' ions.  They  will  be 
used  below  to  derive  an  analytic  expression  for  the 
energy  distribution  and  asymptotic  expressions  for 
the  oscillation  frequencies. 

c)  Eiurfy  Distribution 

The  exact  expression  for  K„  the  amplitude  of  oscil- 
latory kinetic  energy  in  a shell  of  unit  thickness,  is 
usually  written  as 

+ /(/  + 1)^.*1 . 


In  our  momentum  variables,  it  becomes 

K,  • DP*  -h  A,D-‘c->Q*  . (22) 

The  real  parts  of  the  approximate  solutions  (19)  and 
(21)  represent  physical  quantities  and  will  be  sub- 
stituted into  (22).  But,  before  taking  the  real  parts,  a 
relation  must  be  used  to  eliminate  either  a,  or  a^,  since 
there  can  be  only  one  arbitrary  scale  factor.  Using 
Oi  s lAdj,  as  given  earlier,  one  gets 

K,  - a,*(A*Z)S-‘'*  sin*  H + A,Z)-‘c-*S»'*  cos*  d>) . 


(23) 

Successive  minima  of  K,  occur  very  close  to  locations 
where  O has  changed  by  an  angle  ir  because  all  other 
factors  in  (23)  are  slowly  varying  by  assumption.  The 
result  of  integrating  (23)  over  such  an  interval  is  to 
replace  sin*  and  cos*  by  their  mean  values,  i,  and  to 
leave  other  factors  unchanged.  The  ratio  of  the  two 
terms  in  this  integral  is  simply 

A /A  - A,\ 

A,  \A  - A,; 

m Total  K.E.  in  radial  motion  in  the  shell 

" Total  IC.E.  in  angular  motion  in  the  shell 

The  fraction  on  the  right  reflects  the  fact  that  the  two 
terms  in  (23)  are  proportional  to,  respectively,  radial 
and  angulat  womponents  of  motion.  Any  shell  referred 
to  in  (24)  is  bounded  by  successive  locations  where  AT, 
is  a minimum.  A very  large  oscillation  frequency 
causes  the  motion  to  be  primarily  radial,  and  a very 
small  one  causes  horizontal  motion  as  Cowling  found  in 
polytrop«.  But  equation  (24)  is  much  mere  general 
and  precise,  holding  for  any  value  of  v,  for  any  stellar 
interior  model,  and  for  any  portion  of  a star  where  the 
static  interior  varies  slowly  with  radius  compared  to 
the  magnitude  of  a fluctuation. 

It  also  follows  from  (23)  that  the  total  kinetic 
energy  in  nei^boring  shells  must  be  almost  equal. 
But  the  equality  holds  far  beyond  nearest  neighbors 
and  is  important  enough  to  demonstrate  with  a 
numerical  solution  of  the  full  fourth-order  system 
(eqs.  (lj-[3]  and  Poisson's  equation).  The  curve  on 
*^igure  4 shows  K,  as  a function  of  radial  distance  for 
the  solution  (-10,2)  discussed  earlier.  Use  of  the 
oscillation  frequency  of  0.108  mHz  and  Figure  2 
define  the  location  of  the  p-  and  g-regions  shown  on 
Figure  4.  We  see  that  kinetic  energy  lies  almost  en- 
tirely in  the  large  solar  g-region.  The  area  under  the 
curve  between  successive  minima  is  the  total  kinetic 
energy  in  an  aniinodal  shell.  The  area  must  be  found 
using  a linear  distance  scale,  of  course,  and  the  results 
are  given  on  the  histogram.  It  shows  that  energy  is 
distributed  rather  equally  among  the  antinodes,  e.xcept 
for  a boundary  effect  at  each  end.  The  five  centermost 
antinodes  have  total  energies  differing  by  less  than  1% 
from  their  mean!  Even  when  those  at  the  ends  are 
included,  equipariition  of  energy  holds  to  ±20*’o. 
even  though  the  volume  and  density  of  the  shells 
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Fio.  4. — Kinetic  enerfy  per  shell  K,(»4irr'-i^O  as  a 
function  of  relative  raduti  disunce  for  the  lOth  harmonic 
referred  to  on  Fig.  }.  At  least  937,  of  the  energy  lies  in  the 
main  solar  g-region.  The  total  energy  associated  with  each 
aotinode  (each  maximum  of  K,)  is  shown  on  the  histogram. 
C^uipartition  of  energy  holds  to  ± 17,  for  the  ftve  tntinodes 
in  the  middle  and  holds  with  increasing  scatter  as  one  moves 
toward  each  edge  of  the  g>^on.  Each  minimum  of  K,  is 
spaced  almost  equally  from  its  neighbors  on  the  loiarithmic 
distance  scale.  The  lower  panel  tests  this  more  critically  by 
plotting  the  location  of  each  minimum  against  n.  the  number 
of  the  minimum,  counting  from  zero  at  the  origin. 


differ  greatly.  Equipartition  also  holds  in  high* 
freouency  modes  in  the  main  p*region  of  the  Sun,  as 
could  be  proved  roughly  by  measuring  the  small 
graph  given  by  Wolff  (1972*)  for  the  mode  (10, 10) 
for  which  V • 2.05  mHz.  Finally,  an  unknown 
amount  of  energy  lies  near  the  surface  on  Finre  4, 
and  the  curve  does  not  extend  the  last  few  hundredths 
of  the  radius.  It  is  not  realistic  to  calculate  this  with 
adiabatic  equations,  such  as  ours,  which  ignore  con- 
vective and  radiative  losses.  For  example,  strong 
coupling  might  occur  with  convection  above  0.98  Rq, 
where  many  solar  models  show  active  convection  with 
cell-overturning  times  comparable  tc  the  3 hour 
period  of  this  pulsation  mode.  Equipartition  of  energy 
among  antioodes  should  hold  very  well  for  all  high 
harmonic  modes  of  stellar  pulsation  and  should  hold 
roughly  even  for  low  harmonics.  It  has  escaped  notice 
until  now  because  it  was  concealed  by  boundary 
effects  in  the  low  harmonics  which  it  has  been 
customary  to  study. 


d)  Distribution  of  Nodts  and  Eigenvalues 

Each  minimum  of  the  kinetic  energy  function  on 
Figure  4 appears  to  be  equidistant  from  its  neighbors 
on  the  logarithmic  distance  scale.  This  is  shown 
quantitatively  on  the  bottom  half  of  the  figure  where 
the  location,  r„  of  the  nth  minimum  is  plotted  against 
n.  Indeed,  all  the  points  except  those  at  the  ends  lie 
near  the  straight  line  given  by 

r,  - , (25) 

where  the  two  constants  are  chosen  for  best  fit.  A 
good  fit,  applying  to  all  the  solar  cases  seen  so  far 
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(/  - 2, 5, 8;  fc  - - 5,  - 10),  is  obtained  with  the  choice 
a s (I  - It)  In  (fo/rj  where  r^  and  r,  are  the  outer 
and  inner  boundaries  of  the  g-region.  The  constant, }, 
adjusts  for  boundary  effects.  It  was  empirically  deter- 
mined and  may  require  an  addition  of  ± ^ when  the 

S region  is  bounded  on  one  side  by  v ■■  v,.  The  scale 
ctor  b is  less  regular  but  is  always  roughly  equal  to  r,. 
Using  equation  (25)  one  can  write  down  the  approxi- 
mate location  of  each  kinetic  energy  minimum  without 
performing  any  numerical  integrations.  Each  such 
minimum  is  practically  coincident  with  a zero  of 
Q or  f,  for  most  low-frequency  modes.  This  expo- 
nential distribution  of  nodes  has  a range  of  validity 
at  least  as  broad  as  the  range  over  which  the  following 
proof  holds.  Start  with  the  solutions  of  § III*  and 
further  require  that  A « A,.  Then  the  phase  integral 
(20)  simplifies  to  -/‘A**'*  Jdrr-‘(A,  - A)»'*.  For 
brevity,  the  last  factor  will  be  treated  as  constant  in  the 
range  0.04  < r/Ro  < 0.5,  although  a proof  could  still 
be  carried  out  analytically  under  the  next  higher 
approximation,  (A,  - A)‘  * oc  r and  c » 0.1  <k  1,  in 
the  Sun.  An  integration  between  any  two  minima,  r, 
and  r, lying  in  this  range,  must  give  a phase  change 
of  ^ ~nq,  so  that  equation  (20)  reduces  to 
(^*,/^)  - where  a - irAi'»[/(/  -i-  1)<A»  - A>]'‘'*, 
a constant.  Since  this  shows  that  the  minima  should 
be  distributed  exponentially  along  the  radius,  it 
proves  the  empirical  rule  (25). 

An  analogous  rule  exists  for  the  nodal  distribution 
of  high-frequency  modes  in  p-regions.  As  others  have 
already  shown,  it  depends  on  the  sound  travel  time. 


% - I 


drc~  ‘ , 


between  two  neighboring  nodes.  Wherever  A » A,  and 
A»,  the  phase  integral  reduces  to  r,  - (2v)"  ‘.  This  says 
that  the  nodes  in  p-regions  tend  to  place  themselves 
along  the  radius  so  that  a sound  wave  can  travel 
between  them  in  one  half  an  oscillation  period — a 
result  familiar  in  the  laboratory  for  standing  waves  in 
an  unstratified  medium. 

Surprisingly  acceptable  values  for  the  oscillation 
frequencies  can  also  be  obtained  under  the  slowly 
var^ng  approximation.  First,  consider  several  limiting 
forms.  When  the  frequency  is  very  low,  the  innermost 
portions  of  a g-region  contribute  only  a few  percent 
to  a phase  integral  carried  out  over  the  full  range  of 
the  g-region.  Then,  the  exact  integral  is  adequately 
estimated  by  choosing  some  effective  lower  limit  r, 
which  is  about  0.04  in  the  Sun,  and  by  adopting 
a mean  for  vt.  The  mean  should  typify  the  buoyancy 
frequency  where  most  of  the  antinodes  are  located, 
and  0.4  mHz  is  not  a bad  choice  for  the  Sun  (cf.  fig.  2). 
Equation  (20)  then  becomes  A**  ?:  In  (ro,r,), 

and,  since  A<*  a:  kn  as  we  shall  see  again  below,  the 
limiting  form  for  small  oscillation  frequencies  is 


T^&ln(rj  (for  small.) 


Large  frequencies  typify  modes  concentrated  in  p- 
regions.  To  estimate  the  irequencies,  carry  out  the 
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phase  integral  over  the  full  extent  of  the  p-region, 
obtaining  AO  » where  r now  represents  the 
sound  travel  time  across  the  p>region.  The  radial  order 
number,  k,  should  be  relat^  to  the  total  phase  shift 
again  by  AO  s kw.  With  this,  one  obtains 

k 

V s;  (for  large  v) . 

More  elaborate  formulae  have  been  derived  (for 
example,  Vandakurov  1968)  by  forcing  the  interior 
model  to  obey  a power  law  near  the  surface  and  the 
center.  Our  formulae  agree  rather  well  with  a large 
array  of  exact  solar  frequencies  plotted  as  Figure  2.2 
by  Hill  (1977).  Across  one  third  of  his  plot  (where 
k > f)  vis  almost  independent  of  /.  This  agrees  with 
our  formula  for  large  v because  r approaches  a 
constant  for  large  v as  the  lower  boundary  of  the 
^region  enters  the  deeper  layers  where  sound  travel 
is  so  rapid.  The  formula  for  small  v given  above  applies 
at  solar  frequencies  less  than  0.1  mHz.  Although  this 
is  just  off  scale  on  the  Hill  plot,  behavior  at  the  bottom 
of  the  plot  is  approaching  a simple  proportionality, 
i»oc  /•(— Jfe)*^,  consistent  with  the  above  formula. 

There  is  a third  realm  where  the  oscillation  fre- 
quencies approach  a constant  limit  independent  of  all 
three  harmonic  indexes,  k,  /,  m.  The  limit  is  the 
highest  value  of »» in  the  g-region  and  it  applies  only 
tog-modes: 

V MAX  (v,)  (for  modes  in  g-region  with  /»  1A:|). 

Shibahashi  and  Osaki  (1976)  describe  it  as  the  satura- 
tion effect  and  note  that  it  occurs  when  the  horizontal 
wavelength  becomes  sufficiently  short  compared  to  the 
radial  wavelength.  It  is  best  displayed  on  the  Hill  plot 
and  could  also  be  extracted  from  (20)  with  the  extra 
condition  that  dvjdl  ^ 0. 

When  V fails  into  none  of  the  above  categories,  it  is 
necessary  to  numerically  integrate  (20)  for  a series  of 
trial  frequencies.  The  integral  can  be  carried  out  over 
the  full  radius  of  the  star,  but  only  the  real  parts,  A<t>, 
extending  over  the  complete  range  of  a g-region  or 
p-region  are  used  below.  For  the  solar  case  / « 2, 
values  of  the  integral  for  about  a dozen  frequencies 
were  plotted  on  Figure  5 and  then  replaced  by  smooth 
curves  representing  all  the  results.  Eigenfrequencies 
of  the  problem  should  be  separated  by  nearly  integer 
increments  of  AO/ir  on  the  plotted  curves.  The  plus 
signs  are  exact  oscillation  frequencies  of  the  complete 
fourth-order  system  plotted  against  radial  harmonic 
index,  k.  It  is  clear  that  the  curves  asymptotically 
approach  the  distribution  of  exact  frequencies.  Equally 

?ood  results  have  been  seen  for  the  cases  / - 5 and 
• 10.  In  all  these  cases,  the  frequency  of  the  funda- 
mental mode  (k  ^ 0)  lies  close  to  the  point  on  the 
central  axis  equidistant  from  the  curves  for  the  p~  and 
g-regions.  An  interpolation  scheme  for  the  other  low 
harmonics  on  the  plot  may  not  be  too  difficult  to 
derive  if  needed. 

A set  of  curves  as  on  Figure  5 represent  an  economi- 
cal way  to  survey  the  pulsation  frequencies  of  a new 
stellar  model  with  the  added  advantage  that  the  con- 


FiG.  5. — Exact  solar  oscillation  frequencies  for  the  case 
/ B 2 are  plotted  ( + ) against  radial  harmonic  number,  k. 
Except  for  the  low  harmonics,  the  frequencies  follow  the  solid 
curves  which  represent  the  elementary  phase  integral  (eq.  [20]) 
divided  by  <r.  When  the  curves  have  an  integer  value  on  the 
abscissa,  their  ordinate  gives  the  approximate  value  of  the 
true  oscillation  frequency.  The  point  on  the  central  axis 
equidistant  from  the  two  curves  lies  close  to  the  exact  fre- 
quency of  the  fundamental  mode  (k  “ 0)  in  this  case  and  in 
the  two  other  cases  tested  (1  » S and  / >■  10). 

dition,  k s A<D/ir,  removes  ambiguity  over  the 
identification  of  the  radial  harmonic  number.  Am- 
biguity has  been  an  occasional  problem  for  many 
years  in  the  more  centrally  condensed  stars.  Up  to 
now,  it  could  only  be  removed  by  computing  a long 
series  of  exact  solutions  for  consecutive  harmonics 
(Robe  1968;  Ledoux  1974). 

IV.  CENTRAL  AND  POLAR  SINGULARITIES 

A Standing  oscillation  can  be  regarded  as  dividing 
a star  into  cells,  each  containing  one  antinode.  Those 
cells  near  the  center  of  the  star  and  near  its  spin  axis 
will  be  shown  to  have  more  oscillatory  kinetic  energy 
per  unit  volume, 

X,  - r-W*|T|*  + (27) 

than  the  other  cells.  When  is  integrated  over  a 
thin  spherical  shell  of  unit  thickness,  it  reduces  to 
K,  (eq.  [22]).  The  cell  boundaries  are  taken  as  the 
surfaces  where  is  a minimum.  The  simple  nature 
of  the  function  K,  ^ves  one  maximum,  or  antinode, 
in  each  cell.  We  will  consider  only  cases  where  one 
term  in  (27)  is  negligible,  but  this  will  include  almost 
all  modes,  that  is  true  because  t.he  ratio  of  equation 
(24)  is  usually  » 1 or  « 1 over  moct  of  the  region  in 
which  the  oscillation  is  concentrated,  except  for  the 
lowest  radial  harmonics.  The  cell  boundaries  reduce 
to  the  surfaces  where  jF  FI*  * 0 for  the  high  frequency 
branch  (/7-modes)  and  to  minima  of  \Q^Y\*  for  the 
low  frequency  branch  (g-modes).  In  each  type  of 
mode,  no  fluid  is  carried  across  the  boundaries 
by  the  dominant  velocity  compone  f.  eq.  [7]). 
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Only  the  small  orthogonal  component  can  move  fluid 
out  of  the  cell.  Thus,  rigid  walls  could  suddenly  be 
placed  around  a typical  cell,  and  the  fluid  would 
continue  to  oscillate  substantially  in  the  same  manner 
for  a few  cycles.  In  other  words,  the  standing  wave  has 
divided  the  motion  into  an  array  of  relatively  self- 
contained  cells,  each  of  which  has  about  the  same 
natural  frequency. 

The  number  of  these  ceils  is  rather  large.  Even  a 
modest  harmonic  like  |A;|  <■  / > S divides  the  star 
into  %76  cells,  as  is  now  shown.  For  the  high-fre- 
quency cases,  zeros  of  T,"  are  of  interest,  and  they 
divide  a spherical  surface  into  exactly  (/  — |m|  -f 
1X2  + 8«o)  areas.  When  m « 0,  8«<)  * 1 and  in 
other  cases,  8.o  « 0.  For  compactness,  the  number 
of  areas  can  be  averaged  over  the  states  m « 0, 1, 
2, . . . /,  giving  i[(/  + 1)*  + 2]  ■ iV,  areas  on  the 
sphere  for  a typical  standing  mode  of  principal  index,  /. 
The  low-frequency  cases  are  somewhat  less  regular, 
but  computations  show  that  minima  of  IVyj*  also 
divide  the  sphere  mto  Nt  areas  with  minor  deviations 
There  are  (|k|  + 1)  significant  antinodes  along 
a radius,  so  that  the  total  number  of  cells  in  the  star 
is  s (|k]  + l)^^i,  which  rises  rapidly  with  increasing 
harmonic  number  toward  the  asymptote, 

a)  Enhancement  Sear  the  Center 

The  cell  volume  in  low-frequency  modes  is  very 
much  smaller  near  the  stellar  center  than  in  its  outer 
r^ons.  For  example,  the  outer  cells  of  the  mode  on 
Figure  4 have  ~ 10*  times  the  volume  of  those  near 
the  center.  Recalling  the  rough  equipartition  of  energy 
among  cells,  it  is  obvious  that  kinetic  energy  densi^ 
is  enormously  greater  in  centrally  located  cells  of 
g-modes  for  which  -k»  1.  In  fact,  K,  might  well  be 
significant  to  the  central  structure  and  evolution  of 
stars  whose  surfaces  are  barely  pulsing.  This  possi- 
bility will  be  applied  to  the  “low”  value  of  the  solar 
neutrino  flux  in  a paper  under  preparation.  In  the 
shell  of  width  Ar  containing  one  layer  of  antinodal 
cells,  the  kinetic  energy  is  ~JAr*po|f|*Ar,  evaluated 
at  an  antinode.  This  comes  from  the  expression  pre- 
ceding equation  (22)  and  is  roughly  constant  for  all 
shells.  Therefore,  we  can  equate  its  values  for  the 
inner  (<)  and  outer  (o)  shells  ofzhe  g-region  and  write 
the  result  in  the  form, 

/.*  ~ . (28) 

The  quantity  J is  the  displacement  |f[  at  an  antinode, 
divided  by  the  typical  horizontal  dimension  of  the 
cell,  (4irr*iV,*‘)‘'».  Also,  the  ratio  of  the  factors  r*Ar 
can  be  taken  as  by  use  of  equation  (23)  in  the 
limit  of  large  |k|.  To  estimate  the  size  of  (28)  it  is 
adequate  to  take  for  r,  and  r,  the  inner  and  outer 
boundaries  of  the  g-region.  For  the  Sun,  r,  s R®/*  x 
(-20k)"‘  and  r,  s:  0.7  by  use  of  Figure  2 and  the 
asymptotic  expression  for  small  eigenv^ues.  At  these 
locations,  po  s;  160  and  0.1  gem'*,  so  that  (28) 
becomes  2:  7,*(-3.2fc//*)*.  The  fact  that  k is 
raued  to  the  fifth  power  shows,  again,  why  g-modes 


of  high  radial  harmonic  must  have  relatively  large 
an^Utudes  in  the  center  of  a star. 

There  is  no  mathematical  limit  to  how  large  -k 
can  become,  but  turbulence  and  radiation  provide 
physical  limiu.  Severe  damping  from  these  causes 
should  set  in  first  at  the  innermost  antinode.  Let*us 
assume  that  turbulence  is  already  large  when  the 
oscillatory  displacement  approaches  the  scale  of  the 
flow  pattern  (that  is,  7|  '■*  1).  Further  assume  that  J, 
is  only  ^10'*,  which  (for  small  /)  u ‘*'100  times 
smaller  than  fluctuations  seen  at  the  solar  limb  by 
Hill’s  group.  Then  by  (28),  as  evaluated  above  for  the 
Sun,  the  turbulence  limit  has  already  been  reached 
when  —k>  200/*.  Dziembowski  (1971)  numerically 
integrated  the  fourth-order  equations  and  found  heavy 
rathation  damping  in  the  core  for  radial  harmonic 
numbers  of  a few  thousand.  This  was  for  giant  stars, 
but  an  order  of  magnitude  estimate  for  the  solar  in- 
terior gives  the  following  results:  Treating  the  center 
of  the  Sun  as  a homograeous,  ideal  gas  undergoing 
compression  of  hi^  radial  wavenumbw,  k„  such  that 
k,r»  1, 1 computed  r«,  the  radiative  decay  time  (Cox 
1974,  §3.3),  under  optically  thick  conditions.  The 
numerical  result  can  be  written  in  the  convenient  form, 

<») 

where  T is  the  perturbation  in  the  mean  temperature 
Tq.  Although  tt  depends  only  on  the  (high)  radial 
harmonic  number  in  this  estimate,  / also  enters  (29) 
by  its  influence  on  v.  Radiation  damping  is  severe  if 
Imtt  S I,  which  (by  eq.  [29])  will  occur  before  -k 
is  as  large  as  190  for  /■•  2 modes.  For  / ^ 2,  the  radia- 
tion damping  limit  is  reached  before  the  turbulence 
limit  so  that,  in  summary,  no  one  should  expect  the 
analytic  formula  (28)  for  central  enhancement  to  be 
valid  in  solar  g-modes  when  the  radial  harmonic 
number  exceeds  about  130  (/*)*-*.  Such  high  harmonics 
will  require  a complete  nonlinear  treatment. 

b)  Enhancement  Near  the  Rotation  Axis 

The  angular  distribution  of  kinetic  energy  among 
cells  located  at  the  same  distance  from  the  stellar 
center  is  now  computed.  This  will  be  a purely  geo- 
metric effect,  independent  of  the  details  of  the  interior 
model,  provided  that  the  star  performs  slow,  uniform 
rotation  in  the  layen  where  the  oscillation  is  con- 
centrated. This  condition  guarantees  that  the  centri- 
fugal forces  are  small  compared  to  gravity  and 
Coriolis  forces,  and  that  the  star  is  essentially  spherical. 
The  total  kinetic  energy  in  a cell  is  the  volume  integral 
of  K,.  The  latter  contains  a radial  integral  which  is 
identical  for  any  of  the  ceils  under  discussion.  Can- 
celing this  out,  one  finds  that  the  relative  energy  in 
any  cell  at  the  same  disunce  from  the  stellar  center  is 
proportional  to  a surface  integral  over  the  solid  angle 
subtended  at  the  center  of  the  star  by  the  ceil,  llie 
integrand  is  | T|*  for  the  high-frequency  modes  and 
jVTl*  for  the  low-frequency  modes.  These  were 
carried  out  numerically  over  9 and  analytically  over 
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TABLE  1 

Ratio  or  Kn«nc  Enwoy  OtNarv*  in  HioH'Fiuquincy  Modu 


— , — ■ ■_  — ■ . ,1  - Avuaoi 

/ 0123456789  10  OvtR  m 


10 8.91  5.31  3.80  4.43  2.30  1.83  i.53  1.21  1.03  1.00  1.00  2.94 

9 7.95  4.87  3.39  2.61  2.02  1.66  1.30  1.09  1.00  1.00  ...  2.69 

8 7J2  4.28  3.08  2.28  1.82  1.39  1.15  1.00  1.00  2.58 

7 6J13  3.83  2.63  104  1.51  1.23  1.00  1.00  2.44 

6 3.33  3.23  133  1.67  1.33  1.00  1.00  130 

5 4.50  184  1.88  1.46  1.00  1.00  Ill 

4 3.83  119  1.63  1.00  1.00  1.93 

3 173  1.83  1.00  1.00  1.63 

2 118  1.00  1.00  1.39 

1 l.OO  1.00  1.00 

0 1.00  1.00 


* Polar  call/tquatorial  cell. 


i for  all  66  spherical  harmonic  functions  with  / £ 10 
and  non*ne|ative  m.  This  showed  that  the  cells  of  a 
given  spherical  harmonic  mode  had  about  the  same 
kinetic  energy  except  for  a unique  group  close  to  the 
polar  axis  which  could  be  either  hi^er  or  lower  than 
the  rest.  In  contras^  to  this,  kinetic  energy  per  unit 
volume  was  found  to  be  a monotonicaliy  increasing 
function  of  latitude,  always  largest  in  a "polar  cell” 
(one  touching  or  including  the  pole). 

Tables  1 and  2 summarize  the  main  findings  for 
the  high*  and  low-frequency  modes.  Entries  in  the 
main  part  of  the  table  are  the  ratio  of  kinetic  energy 
density  in  any  one  of  the  polar  ceils  to  that  in  an 
“equatorial  cell”  (one  touching  or  including  the 
equator).  These  ratios  range  from  1 to  8.91  for  the 
modes  studied,  and  tend  to  larger  values  at  the  higher 
latitudinal  harmonics.  Ratios  of  exactly  1 mark  low 
harmonics  where  each  polar  cell  is  coincident  with  an 
equatorial  cell.  The  concentration  of  energy  density 
toward  the  poles  is  less  for  the  low-frequency  modes 
and  would  be  reduced  somewhat  further  if  the 
following  consideration  were  included.  For  most  of 
the  cases  1 $ m 3;  4,  one  more  minimum  appears 
close  to  each  pole  in  |T  Y\*  jthan  in  j T|*.  The  extra 
minimum  is  usually  weak  and  of  questionable  physical 


significance.  If  it  were  to  be  ignored  in  defining  the 
low-latitude  boundary  of  the  polar  cell,  the  corre* 
sponding  entries  in  Table  2 would  be  reduced;  for 
example,  the  largest  entry  would  go  from  2.58  to  ll5. 

For  a physical  system  which  excites  standing  waves 
of  all  m-values  to  roughly  et^ual  amplitudes,  row 
averages  of  the  tables  can  be  of  interest.  These  appear 
at  the  right  of  each  table  and  show  that  typical  polar 
cells  can  have  2 or  3 times  the  energy  density  of  low- 
latitude  cells.  Such  a polar  enhancement  may  drive 
large-scale  convection  cells  at  each  pole  of  some 
pulsing  stars.  This  was  mentioned  by  Wolff  (19746) 
who  first  found  the  polar  enhancement  in  a less  direct, 
but  mathematically  equivalent,  manner.  He  suggested 
applying  the  large  scale  convection  to  the  Sun's 
differential  rotation  and  the  qualitative  differences 
long  noted  between  its  polar  and  lower-latitude 
phenomena. 

V.  MODE  COUPLING 

Up  to  this  point,  no  mode  considered  has  been 
coupled  to  any  other  mode  because  the  equations  of 
motion  used  have  all  been  linear.  But  there  are  always 
nonlinear  effects  operating  in  real  stars  which  can 


TABLE  2 

Ratio  or  Kinstic  Enirqy  Dsnstty*  in  Low-Friquincy  Modu 


m 


— - ■ '■  I . ■ ....  I Aviraos 

I 0123436789  10  OvtR  m 


10 3.37  6.69  3.98  2.89  2.27  1.65  1.33  1.16  1.02  1.00  1.00  2.38 

9 4.91  3.68  3.66  2.36  2.03  1.43  1.22  1.08  1.00  1.00  ...  2.46 

8 4.29  3.19  3.17  2.31  1.72  1.29  1.00  1.00  1.00  ..  2.33 

7 3.89  4.61  2.81  1.94  1.33  1.00  1.00  1.00  2.22 

6 3.26  4.08  2.32  1.70  1.00  1.00  1.00  2.05 

3 2.38  3.22  2.11  1.23  1.00  1.00  1.83 

4  2.20  2.70  1.36  1.03  1.00  . 1.66 

3 1.83  1.66  1.06  1.00  1.39 

2 1.00  1.21  1.00  ...  1.07 

1 1.00  1.00  1.00 

0 1.00  1.00 


* FoUr  ctU/cauatonRl  c«ll. 
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couple  the  modes.  We  now  consider  some  possible 
effects  of  weak  coupling.  The  interactions  are  assumed 
to  be  weak  enou|h  that  the  spatial  and  temporal 
behavior  of  each  linear  mode  is  only  slightly  altered. 
However,  our  attention  will  shift  from  the  linear  mode 
to  the  properties  of  a sum  of  coupled  modes.  For 
decades,  it  has  been  of  interest  to  inquire  whether 
there  might  be  two  low  harmonic  modes  in  a given 
star  with  almost  the  same  oscillation  period.  This 
could  give  a beat  period  that  might  be  observable. 
Such  an  elementary  possibility  is  only  one  of  many. 
Three  promising  ways  to  couple  are  mentioned  below, 
and  each  has  the  effect  of  simplifying  the  expected 
observational  data. 

In  the  stellar  core,  there  are  layers  in  which  nuclear 
processes  involving  a particular  element  are  especially 
effective  in  driving  pulsation  modes.  For  example, 
Unno  states  that  the  ’He  + ’He  reaction  in  the  Sun 
contributes  most  toward  driving  solar  g-mode  oscilla- 
tions. Modes  which  have  antinodes  in  layers  where 
this  reaction  is  strongest  may  well  be  excited  to  larger 
amplitudes  than  other  modes.  Furthermore,  since 
this  reaction  is  a highly  nonlinear  function  of  tem- 
perature, there  will  be  a strong  advantage  in  total 
energy  released  if  those  modes  with  antin(^es  in  this 
layer  and  having  similar  oscillation  periods  can  lock 
their  periods  together  so  that  they  are  identical.  Then 
a stronger  rms  amplitude  is  produced  than  if  each 
mode  pulses  at  an  independent  rate.  It  is  quite  possible 
that  this  mechanism  operates  in  some  stellar  cores, 
reducing  the  vast  array  of  linear  oscillation  periods  to 
a small  number  of  nonlinearly  coupled  periods. 

Another  possibility  is  based  on  the  fact  that  all 
modes  in  g-regions  with  energy  primarily  in  horizontal 
motion  will  rotate  at  nearly  the  same  rate  if  they  have 
the  same  harmonic  index,  /.  Wolff  (1974n)  pointed 
this  out  and  suggested  that  nonlinear  coupling  could 
lock  similarly  rotating  modes  together  in  the  con- 
figuration having  the  largest  possible  rms  amplitude. 
TUs  would  be  their  most  stable  configuration  under 
appropriate  nonlinear  driving.  Each  group  of  locked 
modes  must  then  rotate  like  a rigid  body  at  a rate 
depending  only  on  / and  the  rotation  rate  of  the  stellar 
mass.  The  precise  rotation  rates  expected  for  the 
coupled  modes  have  since  been  detected  (Wolff  1976) 
in  two  independent  kinds  of  solar  data. 

The  third  possibility  operates  near  the  highest 
frequency  permitted  for  modes  in  the  main  g-region — 
that  is,  for  frequencies  near  the  broad  maximum  of  v, 
on  Figure  2.  Near  this  frequency,  there  is  a great 
crowding  together  of  all  modes  for  which  l»  i^|. 
This  was  mentioned  in  § Illd.  It  is  quite  unlikely  that 
modes  so  densely  situated  along  the  frequency  axis 
can  maintain  their  independence  in  any  real  star  which 
excites  many  such  modes.  If  the  modes  do  not  couple 
spatially,  in  a way  analogous  to  that  in  the  previous 
paragraph,  then  they  will  almost  certainly  couple 
according  to  oscillation  frequency.  Observers  of 
multiperiodic  stars  should  be  alert  for  above-average 
oscillatory  power  at  a frequency  in  this  vicinity  due 
to  the  combined  motion  of  many  g-modes  with  high 
values  of  j//fc|. 


All  three  mechanisms  just  described  operate  on  the 
same  principle:  a nonlinear  driving  mechanism  favors 
the  concentration  of  oscillatory  power  into  small 
volumes  at  large  amplitude  rather  than  into  larger 
volumes  at  necessarily  smaller  mean-squared  ampli- 
tude. This  was  stated  intuitively  and  then  supported 
by  a numerical  example  by  Wolff  (1974a).  It  is  correct 
as  far  as  it  goes  but  must  eventually  be  combined  with 
a statement  about  damping  mechanisms.  Presumably, 
the  effective  nonlinear  power  governing  the  damping 
must  be  smaller  than  that  governing  the  driving  in  at 
least  one  portion  of  the  star,  or  the  whole  effect  will 
go  in  the  opposite  direction  toward  evenly  distributed 
amplitudes. 

VI.  SUMMARY 

Oscillatory  kinetic  energy  is  distributed  almost 
equally  among  the  antinodes  of  a linear  stellar  pulsa- 
tion mode,  with  modest  deviations  for  antinodes  lying 
near  physical  or  geometric  boundaries.  But  the  various 
antinodes  can  occupy  greatly  different  volumes.  This 
causes  the  kinetic  energy  density  to  be  very  much  larger 
than  average  at  antinodes  near  the  stellar  center  and 
several  times  larger  than  average  at  antinodes  near  the 
spin  axis  of  a slowly  rotating  star.  These  two  unique 
zones  could  reasonably  be  suspected  of  also  being 
zones  of  enhanced  thermal  dissipation.  The  dissipation 
may  occasionally  be  strong  enough  to  drive  convec- 
tion where  it  is  not  otherwise  expected. 

Without  ever  performing  a numerical  integration, 
values  of  many  of  the  oscillatory  quantities  can  be 
estimated,  provided  that  the  gravitational  perturba- 
tion is  negligible — that  is,  provided  that  / > I and 
that  |A;|  is  not  too  close  to  1 . The  oscillation  frequencies 
are  simple  functions  of  k and  / in  the  limits  of  high 
and  low  frequency,  and  they  approach  a constant 
value  for  all  modes  concentrated  in  g-regions  when 
/»  |k|.  Given  a rough  value  for  the  frequency,  one 
can  know  the  ratio  of  kinetic  energy  in  radial  and 
angular  components  of  the  motion  (eq.  [24]),  the 
location  of  the  nodes  (eq.  [25]  and  following),  and  the 
relative  amplitude  at  almost  all  antinodes.  The  last 
condition  follows  from  the  fact  that  the  same  total 
kinetic  energy  is  associated  with  almost  every  antinode 
while  the  volume  it  occupies  is  known  from  the 
location  of  the  nodes. 

If  a certain  phase  integral  (eq.  [20])  is  numerically 
evaluated  at  some  representative  frequen.  ies  in  the 
range  of  interest,  almost  all  the  oscillation  frequencies 
of  the  star  can  be  read  from  simple  graphs  like  Figure 
S.  The  phase  integral  also  permits  one  to  write  down 
elementary  expressions  for  the  eigenfunctions,  and 
they  agree  very  well  with  exact  solutions  (Fig.  3).  Since 
the  element^  expressions  depend  on  a slowly  varying 
approximation  for  the  stellar  interior,  they  fail  in  the 
outer  envelope  for  low-frequency  modes  but  would 
seem  to  hold  up  to  the  photosphere  for  most  high- 
frequency  modes. 

For  all  modes  and  all  locations,  a simple,  precise 
condition  was  fouru  giving  the  fraction  of  the  velocity 
field  in  divergence  and  the  fraction  in  curl  (eq.  [16]  and 
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Fig.  1).  In  the  limit  f-Ms,  the  separate  conditions 
(to  and  24)  on  the  velocity  and  energy  distributions 
imply  a motion  first  found  by  Cowling  in  which 
pi^ure  fluctuations  and  radial  motion  are  dominant. 
The  exact  fourth-order  equations  governing  linear 
adiabatic  modes  were  presented  in  perhaps  their  most 
compact  form  using  variables  similar  to  those  used  by 
Ledoux  and  Walraven  for  the  approximate  second- 
order  system. 

Even  though  an  oscillation  mode  occupies  the 
entire  star  and  must  satisfy  physical  boundary  con- 
ditions at  the  center  and  surface,  its  essential  character 


and  oscillation  period  is  usually  determined  in  a single 
zone  of  the  star  where  its  energy  is  concentrate. 
Scufiaire  first  defined  the  physical  significance  of  these 
zones  (called  p-regions  and  g-regions  herein).  A 
classification  of  the  modes  based  on  these  regions 
seems  required.  Finally,  three  methods  by  which  the 
large  number  of  linear  modes  mighi  plausibly  couple 
to  produce  simpler  arrays  were  suggested  in  § V. 

I thank  an  anonymous  referee  and  P.  Smeyers  for 
many  constructive  comments  on  the  first  version  of 
this  paper. 
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INTRODUCTION 

Periodicities  are  often  seen  in  weather  records  and 
inmediately  dismissed  as  not  due  to  solar  variability  because  the 
period  is  not  a simple  multiple  of  27  days  or  11  years.  This  is 
wrong  because  solar  observations  of  the  last  few  centuries  show 
numerous  other  periodicities  ranging  from  many  months  to  many 
years.  A theory  Is  now  under  development  which  can  predict  the 
values  of  these  periods  and  which  will  put  this  subject  on  a 
sound  physical  basis  if  the  theory  continues  to  be  successful. 
Weather  records  can  then  be  analyzed  In  a more  comprehensive  and 
respectable  manner  because  the  variable  solar  Input  will  be  more 
i^igorously  modelled. 

The  magnetic  sector  boundaries  on  the  sun  and  in  the  solar 
wind  have  a high  correlation  with  winter  low  pressure  systems  on 
earth.  Robe.'ts  and  Olson  (1973)  and  Wilcox,  et  al.  (1974)  found 
that  the  vorti city-area  Index  typically  declines  by  about  lot 
during  several  days  centered  on  the  time  when  a sector  boundary 
sweeps  past  the  earth.  The  physical  connection  between  these  two 
events  is  not  established.  A whole  group  of  other  correlations 
exists  between  weather  and  solar  activity  (Goldberg  and  Herman, 
1978).  Again,  much  of  the  detailed  physics  is  In  doubt.  Progress 
in  understanding  these  phenomena  is  slow,  partly  because  there  are 
a very  large  number  of  possible  explanations--each  with  its  free 
parameters- -and  a relatively  modest  number  of  truly  Independent 
observational  results.  This  paper  is  part  of  a continuing  attempt 
to  reduce  the  degrees  of  freedom  available  to  sun-weather  theories 
and,  perhaps,  to  discover  some  more  fundamental  Inputs  to  those 
theories.  In  what  follows,  we  present  new  evidence  that  BOTH  the 
sector  structure  and  solar  activity  levels  can  be  understood  as 
being  under  the  Influence  of  the  same  regular,  internal  solar 
mechanism.  Because  of  this,  long-term  predictions  of  each 
phenomenon  may  ultimately  be  possible. 
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1.  INTRODUCTION 

The  purpose  of  this  paper  ts  to  discuss  the  potential  and 
limitations  of  using  short  interval  (3-7  minutes)  geosynchro* 
nous,  infnred  (IR)  data  to  ascertam  thundentorm  intensify, 
and  therefore  mdirecily  detect  severe  thunderstorms.  Geo- 
synchronous satellites  such  as  those  from  the  SMS/COES  series 
view  the  area  of  concern  (e.g.  the  midwest  of  the  United  States) 
with  one  sensor  and  with  essentially  a constant  viewing  angle. 
With  this  factor  and  the  better  time  resolution  provided  by 
operating  the  satellite  m the  rapid-scan  or  short-interval  mode 
one  has  the  tools  to  attempt  to  estimate  relative  thundentorm 
intensity.  Assuming  that  the  intensity  of  convection  is  corre- 
lated with  the  occurrence  of  severe  weather  one  can  use  the 
satellite-based  parameten  to  detect  severe  thundentorms. 

In  this  study  thundentorms  on  four  case  study  days  (May 
6.  1975;  Apnl  24,  1975;  March  20.  1976;  May  20.  1977)  are 
analyzed  over  selected  anas  and  tune  periods  using  SMS/COES 
data  (see  Table  I ),  and  derived  satellite-based  intensity  paiam- 
eten  are  compared  to  severe  weather  reports.  Young,  growing 
thundentorms  are  intr-sitv  rated  using  the  rate  of  decrease  of 
the  satellite-observed  cioud  top  minimum  equivalent  blackbody 
temperature  (Tj  j ).  Most  storms,  however,  cannot  be  observed 
until  they  penetrate  through  the  cirrus  overcast  produced  by 
previous  convection.  Minimum  cloud  temperature  and  rate  of 
T||  isotherm  expansion  are  then  used  as  mtensity  mdicaton. 

In  the  lollowing  sections  results  from  the  case  studiei  are  pre- 
sented and  problems  and  limitations  of  the  techruques  and  the 
data  are  discussed.  In  addition,  an  analysis  of  cloud  top  height 
variations  (as  viewed  by  the  satellite)  m relation  to  tornado 
touchdown  times  and,  m a few  cases,  to  mesocyclone  formation 
tunes  IS  also  presented. 


Table  1 

Severe  thunderstorm  case  study  days 


1 

1 Date 

Time 

(GMT) 

Area 

Spacecraft  | 

May  6.  1975 

1 

06/1800- 

06/2200 

S.  Dakota 
to  Texas 

SMS-2  1 

, Apni24.  1975 

I 

24/2000  - 
25/0200 

Oklahoma  - 
Missoun 

SMS-2  1 

i 

1 March  20.1976 

20/1800- 

20/2100 

Missoun  - 
Illinois 

COES-1 

' May  20.  197-» 

20/1700- 
21  0200 

Oklahoma  - 
Texas 

GOES-1  j 

Analysis  of  the  utellite  dau  is  performed  on  the  Atmo- 
spheric and  Oceanic  Information  Processing  System  (AOIPS), 
an  interactive  image  display  and  computer  syston. 

2-  observations  of  YOUNG.  GROWING 

THUNDERSTORMS 

When  the  satellite  view  of  young,  growing  thunderstorms 
is  not  obscured  by  blowoff  from  nearby  mature  storms,  the 
cloud  top  rate  of  rise  in  the  6 - 10  km  layer  can  be  estimated 
with  the  short-interval  IR  data.  Figure  I shows  a composite  of 
cases  from  May  6 and  April  24, 1975.  Two  profiles  are  shown; 
one  for  cloud  elements  with  associated  severe  weather  reports 
(based  on  the  National  Severe  Storms  Forecast  Center  log),  and 
one  for  storms  with  no  reports.  Especially  in  the  7-9  km  layer 
there  is  a strong  difference  between  the  'wo  mean  profiles.  The 
numbers  in  parentheses  indicate  the  number  of  clouds  averaged 
for  each  point.  The  two  mean  values  in  the  235-240  K layer, 
for  example,  are  significantly  different  at  the  1%  level,  using  a 
t-distribution  test.  Thus,  information  on  the  mtensity  of  the 
relatively  young  convection  appears  to  be  obtainable  from  the 
satellite  data,  and  the  time  rate  of  change  of  muumum  T|g 
appears  to  be  correlated  with  severe  weather  reports. 


<114 


figure  I Composite  pro'iitt  of  OOud  lee  siewu  rites  m tfie  g.10  km  lever 
for  severe  ind  non^evere  munOemormi  on  Wev  S and  Apnl  74.  1978. 
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Thi  nlun  of  ctn  b«  cmvttttd  into  vtnical 

nlodllM  mini  an  appropritit  UpM  rata.  TIm  main  taaata 
ttom  vahta  of  2.5  K min*'  trantiataa  to  an  apprenimaia  valua 
of  5 ma~'.  Tha  intarpraUtion  of  tham  cloud  top  aaeant  tataa  u 
vartical  valocitias  and  tha  compariion  with  othar  limiUr  obaar- 
vationa  ara  diacuiiad  in  datail  in  Adlar  and  Fann  (1979b). 

A npraaanution  of  tha  thundantonn  faatuiat  aaan  in  tha 
MtalUta  IR  if  livan  in  Fifura  2 for  a ragion  of  aouthani  Okla- 
homa on  April  24, 1975.  Alio  ihown  aia  radar  aeho  intamity 
contourt  from  tha  National  Waathar  Sarvica  radar  at  Oklahoma 
City.  Tha  ttorms  ara  locatad  approxlmataly  90  km  to  tha  south 
and  louthaast  of  tha  radar  tita.  On  tha  utallita  tida  of  tha  dk* 
gram  tha  cloud  idantiflcation  numbar  and  minimum  Tn  ara 
notad  in  aach  panal.  Tha  ihadad  blocks  ara  tha  arau  coaarad 
by  tha  sattllita  data  pointt  with  tha  minimum  tamperatura. 

Tha  smallast  poasibla  area  is  axampUfiad  by  the  ihadad  araa  in 
doud  22  at  2226  GMT.  Tha  additional  outlinas  art  T)|  iso- 
tharms  at  highar  tamparaturas  that  art  associatad  with  that 
particular  cloud  clamant. 

Figure  2 illmtratas  that  tha  cloud  alamants  being  idantifiad 
in  the  utallita  data  correspond  to  individual  thundatstorma  u 
evident  in  the  radar  praiantation.  Ooud  22  hu  a vary  rapid 
dccraau  of  T||  with  tima,  and  is  iiaociatad  with  reporu  of 
large  hail.  Qoud  20  also  hu  a hail  report  associatad  with  it, 
while  the  oiher  defined  clouds  in  Figure  2 do  not. 
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Fipwe  2.  Ivoliitton  of  AenI  2a.  1171  munOtntormi  in  lowmam 

Oklahamt  at  ootanad  Pv  Mtanita  IN  and  radar  waamrwnanti. 

:.  ANALYSIS  OF  mature  THUNDERSTORMS 

As  tha  growing  thunderstorms  panctrata  tha  tropopausa 
region  they  dacelcrata  and  tha  measured  ascent  ratu  bcMmc 
much  lower.  Figure  3 displays  this  affect  in  tha  10*13  km 
region  for  a composita  of  storms  on  two  days.  Many  storms 
cannot  be  viewed  by  the  utellita  until  they  panatrata  up 
through  middle  and  high  cloud  decks  often  produced  by  pre- 
viom  convection.  New  thundentorms  can  somatimw  only  be 
idanttfiad  whan  they  reach  vary  cold  temperaturu  «21S  K). 
This  lack  of  obaarvabtlity  at  lower  heights  (warmer  tamperv 
turn)  maku  tha  me  of  -dT||/dt  u an  intensity  parametar 
more  difficult.  As  we  can  laa  m Rgurc  3 tha  rats  of  tampara- 
ture  dacreau  is  approximately  0.2  K min*'  at  tamparatuias 
lower  than  2 1 5 K.  Thu  means  that  s tunc  interval  of  5 min- 
ut«  between  images  will  result  m only  1 K change.  With  tha 
affective  temperature  resolution  of  the  utallita  data  bamg 
about  1 .5  K at  thu  level  tha  accuracy  of  calculated  tempera- 
turc  change  ratu  detanoratw. 


i 


—dT* 

. ^ IKiwIW*) 

NIfuieS.  CenuMliiarofllMefeieudtapaMntntMlnaw  10-I3km 
layer  tor  Mvart  and  won  wvwe  thundarttoemt  on  May  6 and  .an-il  24, 197S. 

Tharefora,  new  intensity  paramatan  for  matura  thunder- 
storms art  nacesaary.  Two  paramatan  that  have  shown  soma 
skill  art  tha  minimum  doud  top  t'mpatature  itself  and  tha  nor- 
malized atoal  rata  of  expansion  of  isotherms.  Thaia  vari- 
ablM  have  bean  dlscusud  by  Adler  and  Fann  (1979a)  for  one 
cau  study  (May  6, 197$).  Figure  4 (adapted  from  Adlar  and 
Fann,  1979a)  splays  the  distribution  of  39  thundentorms  on 
May  6, 1975  along  a cold  front  from  South  Dakota  to  Taxu. 
The  variablat  an  tha  minimum  T|>  achieved  during  tha  Ufeuma 
of  the  thundantotm  (a  measure  oi  "‘^xirnurn  height)  and  tha 

maximum  ^ ^ whan  N is  tha  rv  / nr  of  utclUtc  data  poinu 
with  T||  ^T),  whan  T|  is  a particular  cloud  top  T|«.  The  ex- 
pansion nta,  ^ ^ interpolated  between  N*6  and  N-30. 

Each  data  point  reprannts  an  crea  of  22  km^.  Measunng  the 
expansion  nta  between  N equal  to  6 and  30  results  in  a growth 
nta  applicable  to  an  individual  thundentorm.  Tha  isotherm 
nta  of  expansion  is  niated  to  a combination  of  cloud  top  vertical 
velocity  and  divcrgcnca  u dixussad  by  Adlar  and  Fann  (1979a). 


Nigure 4.  Neman  oT  tfiundsmarm  ret*  of  grawm  le(<ld  wee  tiosnuoni 
(0  (Seud  too  maiive  stmesrsturs  end  «<e  eoaurfenu  ef  ie«ere  wMirw>  'or 
3i  mundamonn  eiemewsi  >n  ineivtit  erea.  T .ndxaws  temade. 

M raoreaanu  raoortad  hail  Honientai  daanad  irna  raorawno 
treeooauaa  vmpmnun. 
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In  Fi|un  4 the  txpansion  ittt  pvtmtttr  us«d  to  indieat* 
tht  itorm  inttntity  to  th«  muiimum  ^ ^ at  iny  Tn  ^226  K, 

althou|h  *ofiM  of  tht  itorm*  wtn  obiin^  only  at  timptra* 
turn  btlow  21 S K.  Tht  diapam  for  thii  day  dott  not  ihow  an 

obvioua  conflation  bttwttn  both  and  ^ ^ and  Mvtn 

wtathcr,  whtn  H indicatti  hall,  T rtpmttnti  tornado,  and  a 
dot  mtant  no  accompanyini  wvcrt  wtathtr  rtporti. 

Tht  diefonal  lint  in  Figuit  4 to  a Unt  of  dtocilmination  dt* 
rivttl  from  tht  Mty  6, 197$  data.  Tht  horizontal  daahtd  lint 
to  at  tht  approximatt  tropopauit  ttmptranirt  for  tht  rtjion. 

On  thit  diagnun  it  to  a |o^  ttmptraiurt  dMdtr  bttwtfn  itvtrt 
and  non^tvtrt  itormt. 

Rtiulti  for  a wcond  cast  (April  24, 197$)  in  taattm  OUa* 
homa  and  touihwtttttn  Mtotouri  art  ihown  in  Figurt  5.  Tht 
diagonal  lint  to  tht  ditciiminant  Unt  dtrivtd  from  tht  May  6, 
197$  cait.  Tht  two  paramtttn  ihow  an  obvioui  eomlation  to 
tht  ttvcrc  weather  itpoiTt  and,  in  thto  cait,  totach  other.  Tht 
tropoptuw  temperatuR  too  at  213  K for  April  24)  to  not  u 
go^  a dtocrimmator  between  levtre  and  non-tevtn  itotmi  a* 
in  the  Mty  6 case. 


Fifurt  I.  Stmt  m Fieure  4 tMtot  ter  19  Itenni  on  April  24, 1979. 


t u u u 4j  M u re  a.  m 
MAXIIMUM  ^ lir*t-') 

Fifurt  9.  I«n*  M FIfurt  4 tietpl  for  1 1 ttormt  in  tht  "leulh  trtl’' 
en  Mirth  30. 1979. 


Tht  next  cait  (March  20,  1976)  pmtntt  lomt  additional 
complax..iet.  Tht  Rtultt  an  mown  in  Figure!  6 and  7 for  two 
adjacent  anu.  Tht  “louth  atea”  to  primarily  in  txtrtmt  tut> 
em  Miaoun  and  touthem  lUinoto.  The  "north  area”  is  located 
tn  central  lUinoto.  Although  then  to  only  a ihort  distance  be* 
twten  the  two  treai,  tht  two  ngiona  an  divided  by  the  axis 
of  the  jtt  itmm  and  havt  quite  difftnr.t  tropopautt  temper- 
ature*  and  heights.  Thto  diffennet  to  evident  on  toundlngs 
(not  prtMnttd)  at  Ptona,  IL  (north  ana)  and  Saltm.  IL  (louth 
ana).  Subrtctivtiy  mttrpoUtmg  from  tht  founding  location* 
to  the  storm  iocations,  wt  sciicttd  Zl'ZK  and  209  K as  rtpR- 
stnutivt  tropoptuse  temptratutt*  for  tht  north  atM  aouth 
snu,  rtaptctivcly. 

The  nununuffl  tempentum  of  the  thundtntormt  an  on 
the  avenge  much  colder  in  the  louth  area  (Figun  6).  Also 
itnking  in  the  two  diagram*  is  that  aU  tht  defined  atotrm  have 
minimum  temptrtturca  at  least  5 K below  the  tropoptuse 
ttmptntun.  This  ttmptnlun  difftnnee  wu  not  evident  in 
tht  two  pRvious  case*,  and  indicate*  tht  poatibility  of  a dif- 
ftnnee  ui  calibration  among  the  casts.  Tht  March  20  cast 
was  analyzed  with  dsu  from  the  (X3ES-1  spacecraft,  while 
the  other  two  cases  were  handled  with  SMS-2  data. 


Fifurt  7.  Stmt  ai  Fifurt  4 txetpt  for  IT  itermt  m Om  "nor. 
an  S4areh  30.  IP'. '9. 

In  tht  south  area  (Figun  6)  the  seven  weather  ~ports  an 
pouped  with  tht  most  mtenae  storms  and  the  two  utcUite- 
baaed  parameters  an  correlated.  For  the  non-'  .ret  (Figure  7), 
however,  the  three  seven  storms  have  nlatively  i.,iall  ntes  of 
powth  and  tvenp  minimum  temptnturcs. 

Tht  matun  thundentorms  defined  in  the  IR  sateUitt  data 
generaUy  corresrond  to  individual  radar  echoes.  For  sxample. 
Figun  8 shows  a companion  of  subjectively  nmtpped  con- 
toured ladsr  dsu  (level  2 and  above)  and  selected  isotherms 
from  the  uta'Ure  IR  data.  Oouds  1 1.  lOa.  10  and  7b  had  severe 
weather  associated  with  them,  although  not  nectssanly  at  the 
time  indicated . The  correspondence  between  defined  clouds  in 
the  uteUite  dau  and  radar  Khoes  is  good,  with  the  exception  o( 
cloud  7 which  only  appears  on  the  radar  u an  tlongsted  echo 
A few  weak  echoes  to  the  non.hwcst  ot  the  Une  do  not  appesr 
at  the  .26  R level  m the  utcUite  dau. 

The  rasults  of  the  May  6 an  2 April  24,  197$  cases  indicate 
that  the  minimum  T||  and  the  thundentotm  ute  of  powth 
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Figun  3.  Ootnbution  of  radar  ecnocs  (fr^m  the  St.  Louis  radar)  and 
satallite  IR  I'carjrts  along  a thundtrstorm  tine  across  the  Missouri-lllinois 
boroa-  1 Marcti  20,  1976  at  1903  GMT  Only  Itval  2 and  adoira  radar 
intensity  >s  stiomm 

parameter  are  good  measures  of  storm  intensity  when  compared 
to  severv  weather  reports.  Results  from  the  March  20,  1976 
case  are  not  as  dear  but  have  revealed  some  additional  com- 
plexities. As  expected,  vanatiors  in  tropopaus*  temperature 
must  be  considered.  This  is  true  both  for  companng  results  be- 
tween jifferent  days,  but  also  for  spatial  vanations  over  even 
relatively  small  areas  on  the  same  day.  .-^n  additional  compli- 
cating factor  may  he  a varying  calibration  of  the  IR  channel 
such  that  direct  companson  of  vanous  days  is  difficult,  espe- 
cially when  data  from  different  spacecraft  are  used.  A calibra- 
tion variation  of  3-4  K at  the  cold  (200  K)  end  of  the  temper- 
ature range  may  result  in  ambiguous  results  when  companng 
different  days. 

Despite  these  problems  the  results  so  far  show  that  even 
in  the  mature  stage  the  satellite  data  can  give  valuable  informa- 
tion on  storm  intensity  and  this  intensity  mformaiion  is  corre- 
lated with  severe  weather  reports.  .Adler  and  Fenn  (1979a) 
indicate  a potential  warning  lead  time  of  30  minutes  for  these 
parameters. 

4 CLOUD  TOPCHFRACTt7li  , OF 

TORNADIC  STORMS 

In  this  section  the  time  vanations  cf  minimum  Tgg  of 
tomado-beanng  thunderstorms  on  the  four  study  days  are  ex- 
amined. Five  tornado  beanng  clouds  on  May  6,  1975  were 
discussed  by  Adler  and  Fenn  (1979a)  An  examination  of  the 
five  cloud  elements  having  eight  tornadoes  clearly  associated 
with  them  indicates  that  in  seven  of  the  eight  cases  the  first 
report  of  the  tornado  took  place  dunng,  or  just  afrer,  a rapid 


expansion  cf  cloud  top  cold  areas  (Tgg  isotherr.is).  This  rapid 
expansion  of  areas  within  isotherms  implies  ascent.  In  this  sec- 
tion these  five  storms  will  be  reexamined  along  with  six  storms 
from  the  other  three  days  studied. 

Figure  9 displays  minimum  satellite-observed  cloud  top 
temperature  (Tgg ) as  a function  of  time  relative  to  tornado 
touchdown.  The  time  of  the  tornado  touchdown  is  noted  by 
the  vertical  dashed  line  at  time  equal  to  zero.  If  there  is  more 
than  one  tornado  associated  with  a cloud,  only  the  most  intensc 
tomado  is  considered.  Such  is  the  case  in  panels  a.  c.  d and  f 
In  three  cases  (i.  j,  k)  from  May  2d.  1977  the  initial  times  of 
mesocyclones  observed  by  the  Doppler  radar  of  the  National 
Severe  Storms  Laboratory  in  Norman,  Oklaho.iia  are  shown  by 
the  vertical  dash-dot  lines. 

Eight  of  the  1 1 storms  (a.  b,  c.d,  e.  i.j,  k)  have  . ' associ- 
ated rapid  decrease  of  cloud  top  Tgg  (as  observed  front  satellite) 
approximately  30-4S  minutes  before  toYnado  touchdown.  This 
implies  a rapid  upward  movement  of  the  cloud  top  at  this  time. 
On  most  of  these  eight  storms  the  rapid  decrease  in  temperature 
is  followed  by  a reduction  in  the  slope  of  the  temperature  - 
time  profile,  and  m the  May  20  cases  (i.  j.  k)  a slight  warming, 
indicating  a cessation  in  upward  growth  or  a slight  drop  in  max- 
imum cloud  height. 

This  sequence  of  events  at  the  cloud  top  can  be  pictured  as 
being  associated  with  storm  evolution  in  the  following  way.  .A 
period  of  rapid  upward  growth  at  cloud  top  is  associated  with  or 
possibly  precedes  the  formation  of  the  mesocydone  at  mid-levels 
in  the  storm.  Tornado  touchdown  is  usually  associated  with  a 
decreasing  or  constant  maximum  cloud  top.  This  sequence  of 
events  at  cloud  top  is  consistent  with  radar  studies  le.g.  Lemon 
et  aJ.,  1978)  and  with  hypotheses  proposed  by  Fujita  ( 1973). 

The  satellite  observations  are  on  a scale  of  approximately  10  km. 
while  the  radar  observations  and  aircraft  observations  of  over- 
shooting tops  are  on  much  smaller  scales 

Three  storms  (f.  g.  and  h)  show  decreasing  cloud  top  Tga 
(increasing  height)  at  the  time  of  the  tornado  louchdown.  The 
tornadoes  from  all  three  of  these  storms  were  intense  with 
Fujita/Peanon  scale  ratinp  of  F4.  F2.  and  F4  for  the  storms  in 
panels  f.  g,  and  h,  respectively 

Therefore,  a majonty  of  the  storms  analyzed  have  rapid 
ascent  of  cloud  tops  30-45  minutes  before  tornado  touchdown 
at  apparently  the  time  of  the  fo.-mation  of  the  mesocydone.  A 
•ninonty  of  the  storms,  however,  have  ascending  cloud  tops  (at 
the  scale  of  the  satellite  observation)  at  the  time  of  tornado 
touchdown.  The  vertical  velocities  involved  are  small,  but  are 
reasonable  when  the  horizontal  scale  i ! 0 km ) on  which  they  arc 
ap^plicable  is  considered.  A typical  rate  of  temperature  (Tgg  ) 
decrease  m Figure  9 is  0 4 K min*‘  .Assuming  a lapse  rate  of 
8 K km*'  the  calculation  of  temperature  change  rate  of  0 4 K 
min")  converts  to  a vertical  velocity  of  approximately  0 8 ms"' . 

It  IS  inteiTSting  to  note  in  Figure  9 that  only  panels  i,  j.  k 
show  a Tjg  increase  imdicatirg  descent  or  cloud  top  collapse) 
pnor  to,  or  at  the  time  of.  tornado  touchdown  The  May  6 
cases  (a-e)  si.ow  a constant  temperature  with  time  with  some 
indication  of  a weak  decrease  at  the  time  of  the  tornado  This 
Terence  may  be  related  to  the  difference  in  larger  scale  cloud 
si.  'cture  between  the  two  cases  and  the  satellite  sensor's  re- 
sponse charactenstics  The  May  6 storms  appeared  in  the  satel- 
lite images  as  a narrow  line  lying  a’ong  a generaiiv  north-south 
onented  cold  front.  The  east-west  extent  of  the  storms'  anvils 
increased  with  time  .As  the  satelh.e  IR  sensor  scans  from  left 
to  right  across  the  scene  it  mo-es  aoruptlv  from  a warm  target 
I ground)  to  a cold  target  i thunderstorm  top).  Wuh  a nanow 
cirrus  shield  the  sensor  may  not  have  enough  time  to  accurately 
respond  to  the  minimum  Tgg.  That  is,  for  narrow  iin  the  left- 
:o-nght  direction)  cirrus  anvils  we  are  probably  overestimating 
the  minimum  Tgg  (i.e  . estimating  it  to  be  warmer  than  it  isi. 

As  the  narrow  anvil  expands  with  time  t.he  amplitude  of  the 
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temperature  overestimauon  should  decrease  u the  distance  from 
the  left  anvil  edge  to  the  storm  center  increases.  If.  while  the 
anvil  is  expanding,  the  actual  minimum  Tgi  is  warming  slightly, 
this  couU  be  obscuied  by  the  varying  overestimation  effect, 
with  the  result  being  a near  constant  observed  T||  with  time. 

On  May  20.  1977  the  storms  (i,  j.  k)  are  imbedded  in  a very 
large  arrus  shield  with  a large  datance  between  the  left  edge 
and  the  storms'  centen  Thus  the  sensor  response  problem  m 
terms  of  estimating  the  minunum  should  not  exist.  In  these 
three  cases  a warmmg  is  coserved.  Work  on  a technique  to  re- 
move this  sensor  response  effect  is  planned. 

S.  SUMMARY 

Short -interval  geosynchronous  satellite  data,  in  particular 
that  from  the  IR  channel,  have  the  potential  to  be  usefUl  in  the 
estimation  of  thunderstorm  intensity  Since  intensity  is  corre- 
lated with  the  occurrence  of  severa  weather,  such  mtensity  m- 
formatior  could  be  used  for  severe  thunderstorm  detection. 
However,  there  are  some  problems  in  the  uiterpretation  of  the 
data,  especially  bets  n different  case  study  days  involving 
different  satellites. 

T lie  most  direct  measure  of  thunderstorm  intensity  can 
be  made  for  young,  growing  thunderstorms.  At  a height  of 
approximately  3 km  there  is  a significant  difference  in  cloud 
top  ascent  rates  (u  measured  by  -dT||/dt)  between  severe 
and  non-severe  thunderstorms.  If  intense  ihundentorms  can 
be  detected  at  this  altitude,  there  is  an  average  potential 
warning  lead  tune  of  about  60  mmutes. 


Most  thundeistorms  analyzed  in  this  study  could  not  be 
viewed  at  lower  altitudes  (such  as  3 km)  because  of  overlying 
cirrus  due  to  previous  convection.  The  satellite  does  not  “see" 
the  thundentorm  in  the  IR  until  it  penetrates  through  these 
higher  clouds.  Often  the  thunderstorm  top  is  then  at  a T-,g  of 
21 5K  or  ew  colder.  At  and  above  the  region  of  the  trope  oause, 
the  cloud  top  is  decelerating  and  direct  ascent  rate  calculations 
become  maccurate  As  alternative  measures  of  mtensity  we  can 
use  the  minimum  of  the  cloud  (a  relative  measure  of  maxunum 
height)  and  the  normalued  rate  of  expansion  of  areas  within 

isotherms  ^ ■ I"  f'*'®  ®f  =**•  study  days  exzmmed 

(May  6 and  April  24,  I97S)  these  parameters  are  correlated  with 
severe  weather  reports.  In  the  third  case  (March  20,  1976)  the 
results  are  mixed.  In  one  geographical  area  there  is  a good  cor- 
relation, while  in  another  area  there  is  not.  An  examinabon  of 
these  three  cases  mdicates  that  variauons  m tropopause  tempera- 
ture and  probably  satelhte  calibration  must  be  taken  into  accou:it 
before  combining  the  dau  sets  from  different  days. 

Eleven  cases  of  totnadic  thunderstorms  were  examined  with 
respect  to  cloud  top  temperature  (height)  variations  relative  to 
tornado  touchdown  tunes,  and  m three  cases  relauve  to  the 
mitiai  observabon  of  mesocyclones  by  Doppler  radar  In  S of 
the  1 1 cases  there  is  a period  of  rapid  ascent  30-4$  minutes  pnor 
to  tornado  touchdown.  This  upward  growth  appears  to  be  asso- 
ciated with  the  formation  of  the  mesocy clone.  This  ascent  is 
followed  by  a period  of  no  growth  or  even  a drop  m cloud  top 
height  preceding,  or  at  the  time  of,  tornado  touchdown.  In  the 
three  remauimg  cases  cloud  top  ascent  is  evident  m the  satellite 
data  at  tornado  touchdown. 
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ABSTRACT 

Infrared  geosynchronous  satellite  data  with  an  interval  of  S min  between  images  are  used  to  esti- 
mate thunder'torm  top  ascent  rates  on  two  case  study  days.  A mean  vertical  velocity  of  3.4  m s~'  for  23 
clouds  is  calculated  at  a height  of  8.7  km.  This  upw^  motion  is  representative  of  an  area  of  approxi- 
mately 10  km  on  a side.  Thunderstorm  mass  flux  of  ~2  x 10*  kg  s*'  is  calculated,  which  compares 
favorably  with  previous  esnmaus.  There  is  a significant  difference  in  the  mean  calculated  vertical 
velocity  between  elements  associated  with  severe  weather  repons  (w  • 4.9  m s*')  and  those  with  no 
such  reports  (2.4  m s*'). 

Calculations  were  made  using  a velocity  profile  for  an  axially  symmetnc  jet  to  esumate  the 
peak  updraft  velocity.  For  the  largest  observed  w value  of  7.8  m s''  the  calculation  inouxtes  a peak 
updraft  of  -50  m s''. 


1.  Introduction 

Vertical  velocity  is  a basic  parameter  in  meteoro- 
logical analysis  and  forecasting.  However,  unlike 
horizontal  velocity,  it  usually  cannot  be  observed 
directly.  The  presence  of  upward  air  motion  can 
often  be  inferred  by  the  occurrence  of  clouds  and 
precipitation,  but  quantitative  evaluation  of  vertical 
motion  must  usually  be  made  through  the  omega 
equation,  the  adiabatic  method  or  a similar  indirect 
technique.  An  exception  to  this  is  the  recent  work 
with  multiple-Doppler  radar  data. 

In  the  current  paper  we  present  the  results  of 
using  a simple  method  to  estimate  thunderstorm 
cloud  top  vertical  velocity  from  SMS/GOES  rapid- 
scan  (5  min  interval)  window  channel  infrared  (IR) 
data.  Time  rate  of  change  of  cloud-top  minimum 
equivalent  blackbody  temperature  Tgg  is  converted 
to  vertical  velocity  w by 


where  the  lapse  rate  is  determined  from  rawinsonde 
data.  An  example  calculation  using  SMS  data  and 
Eq.  (1)  was  given  by  Adler  and  Fenn  (1976).  In  the 
following  sections  the  calculated  vertical  velocities 
are  compared  for  clouds  with  associated  severe 
weather  reports  and  for  those  with  no  such  reports, 
and  the  computed  values  are  also  compared  with  pre- 
vious estimates  of  thunderstorm  vertical  velocities. 


2.  Description  of  analysis  technique 

The  analysis  of  the  digital  satellite  data  was  per- 
formed on  the  .Atmospheric  and  Oceanic  Informa- 
tion Processing  System  (AOIPS),  an  interactive 
image  analysis  system  described  by  Billingsley 
(1976).  Sequences  of  images  are  enhanced,  thunder- 
storm elements  are  isolated  and  identified  by  locat- 
ing relative  minima  of  Ttt  in  the  IR  images.  Their 
maximum  gray  level  (minimum  Tbb)  ure  then  re- 
corded. The  analysis  of  the  thunderstorms  used  in 
this  study  (on  24  April  1975  and  6 May  1975)  was 
part  c ' 'argcr  effort  (see  Adler  and  Fenn.  1979).  On 
each  I - e study  days  an  area  of  convection  was 
moniu  during  a set  period  of  time  (-4  h). 
Thundersvorm  elements  were  defined  and  time  his- 
tories of  each  element  were  determined. 

The  emphasis  in  the  earlier  work  (Adler  and  Fenn, 
1979)  was  on  convective  elements  after  they  had 
reached  '■10  km  in  height  (as  estimated  by  the 
satellite  IR  data).  This  paper  highlights  observa- 
tions of  thunderstorms  earlier  in  their  growth  cycle 
as  they  penetrate  upward  through  the  middle 
troposphere.  It  should  be  empnasized  that  not  all 
thunderstorms  can  be  observed  at  middle  tropo- 
spheric heights.  This  is  because  they  are  often  hid- 
den by  dense  cirrus  clouds  produced  by  previous 
convection.  In  the  two  case  studies  that  will  be 
described,  of  the  thunderstorm  elements  defined 
..bove  10  km  (T*a  - 226  K).  only  about  25-30% 
could  be  detected  at  lower  heights.  On  typical  con- 
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Fig.  1.  Evolution  of  24  April  1975  thundentorms  m touthem  Oklahoma  as 
observed  by  satellite  IR  and  radar  measurements. 


vection  days  this  percentage  will  vary  with  time, 
being  large  early  in  the  day  as  convection  begins  and 
decreasing  as  the  buildup  of  thunderstorm-produced 
high  clouds  obscures  younger  convective  elements. 
The  results  described  in  this  paper  concern  that 
relatively  small  group  of  thunderstorms  that  could 
be  identified  at  lower  levels. 

A representation  of  the  thunderstorm  features 
seen  in  the  satellite  IR  is  given  in  Fig.  1 for  a region 
of  southern  Oklahoma  on  24  April  1975.  Also 
shown  are  radar  echo  intensity  contours  from  the 
National  Weather  Service  radar  at  Oklahoma  City. 
The  storms  are  located  -90  km  to  the  south  and 
southeast  of  the  radar  site.  On  the  satellite  side  of  the 
diagram  the  cloud  identification  number  and  mini- 
mum Tgg  are  noted  in  each  panel.  The  shaded 
blocks  are  the  areas  covered  by  the  satellite  data 
points  with  the  minimum  temperature.  The  smallest 
possible  area  is  exemplified  by  the  shaded  area  in 
cloud  22  at  2226  GMT.  The  additional  outlines  are 
Tbi  isotherms  at  higher  temperatures  that  are 
associated  with  that  particular  cloud  element. 

Fig.  I illustrates  that  the  cloud  elements  being 
identified  in  the  satellite  data  correspond  to  indi- 
vidual thunderstorms  as  evident  in  the  radar  pre- 
sentation. Cloud  22  has  a verv  rapid  decrease  of 
Tb,  with  time,  and  is  associated  with  reports  of 
large  hail.  Goud  20  also  has  a hail  report  associated 
with  it,  while  the  other  defined  clouds  in  Fig.  1 
do  not. 


3.  Vertical  velocity  estimates 
a.  Sources  of  error 

The  vertical  velocity  estimates  presented  in  this 
paper  are  subject  to  error  because  of  uncertainties  in 
the  satellite  radiance  measurements  and  possible 
unrepresentativeness  of  the  data.  The  first  question  is; 
How  are  cloud  top  ascent  rate  and  vertical  velocity  re- 
lated? Even  if  the  satellite  measurements  are  without 
errors  and  are  representative,  the  u-  calculated  using 
Eq.  (1)  is  actually  the  cloud  top  ascent  rate.  Due  to 
mixing  at  the  cloud  top  this  may  not  be  identical  to 
the  venical  air  motion  at  the  cloud  top.  For  example. 
Woodward  (1959)  shows  laboratory  results  indicat- 
ing that  the  center  of  an  isolated  thermal  rises  at 
approximately  twice  the  speed  of  the  thermal  cap. 
Howeve',  this  is  the  case  for  a small,  decelerating 
thermal,  with  extensive  mixing  through  the  sides. 
In  addition,  for  a decelerating  thermal  the  center 
of  the  thermal,  with  a vertical  velocity  of  w,  at 
time  fi,  will  show  a decrease  of  w with  time  so 
that  when  (at  tj)  it  reaches  an  altitude  equal  to 
that  of  the  thermal  cap  at  the  earlier  time  r , its  veloc- 
ity will  have  decreased  significantly  to  vt^2,  much 
closer  in  magnitude  to  the  rate  of  nse  of  the  thermal 
cap  as  it  passed  that  altitude.  Thus  for  the  scale  of 
observation  in  the  current  analysis,  the  cloud  top 
ascent  rate  is  probably  nearly  equ.~'  to  the  magni- 
tude of  the  vertical  air  flow  at  that  level. 

.Another  possible  source  of  error  is  in  the  cloud 


emissivity.  For  the  thick  water  clouds  that  were 
part  of  this  study,  the  emissivity  (c)  is  very  close 
to  unity.  In  order  to  use  7m  in  place  of  7 in  £q. 
(1),  e ■ 1 must  be  assumed.  For  ice  clouds,  es- 
pecially thin  cirrus  clouds,  the  emissivity  can  be 
substantially  less  than  I.O.  As  the  thunderstorm 
top  glaciates,  the  change  from  water  to  ice  may  re- 
duce the  cloud  top  emissivity  and  T„  will  be  larger 
than  7,  the  cloud-top  temperature.  This  effect, 
however,  appears  to  be  small  and  will  not  affect  the 
vertical  velocity  calculations.  This  conclusion  is 
based  on  calculations  made  with  the  help  of  tables 
presented  by  Hunt  (1973).  For  a water  cloud  with 
liquid  water  content  (LWC)  of  4 x lO"'*  kg  m**, 
95%  of  the  emitted  radiation  at  the  1 1 /im  wavelength 
comes  from  the  top  84  m of  the  cloud.  For  an 
ice  cloud  with  the  same  LWC  value,  the  depth  of 
extinction  (to  the  95%  level)  is  150  m.  Therefore, 
the  water-ice  variation  in  cloud-top  structure  will 
cause  only  a very  small  (<1  K)  variation  in  7m. 
Calculations  based  on  coefficients  presented  by 
Cox  (1977)  also  support  this  conclusion. 

The  most  serious  source  of  error  stems  from  the 
satellite  data  itself.  The  IR  channel  has  an  instan- 
taneous field  of  view  (IFOV)  of  8 km  on  a side  at  the 
subsatellite  point  and  approximately  10  km  at  40°N. 
As  noted  by  Negri  et  al.  (1976)  the  use  of  SMS/ 
GOES  IR  temperatures  to  determine  thunderstorm 
height  results  in  underestimates,  especially  for  small 
elements.  In  comparison  with  radar  measurement 
of  thunderstorm  tops,  the  satellite  underestimation 
is  ~2  km.  This  effect  is  related  to  two  factors. 
First,  the  satellite,  because  of  its  rather  large  IFOV, 
is  averaging  over  an  area  of  -100  km*  compared 
with  the  radar  observation,  which  is  applicable  to  a 
much  smaller  area.  Thus  the  radar  will  be  identifying 
smaller,  higher  features  because  of  its  better  resolu- 
tion. The  second  factor  is  inadequate  sensor  re- 
sponse when  going  from  a warm  (low)  to  a cold 
(high)  target  (Negri  et  al..  1976).  In  general,  the 
bias  in  the  estimation  of  storm  height  will  not  sig- 
nificantly affect  the  vertical  velocity  calculation. 
However,  it  may  affect  the  height  to  which  the 
velocities  are  assigned. 

Other  errors  might  arise  from  the  use  of  inac- 
curate lapse  Potes  in  Eq.  (1).  In  the  calculations  to 
follow  we  use  a smooth  profile  which  is  a mean  of  the 
ambient  (determined  from  rawinsonde  data)  and  the 
moist  adiabatic  lapse  rate.  This  compromise  was 
chosen  because  it  was  thought  that,  although  the  air 
in  updraft  cores  of  large  thunderstorms  is  believed 
to  ascend  moist  adiabatically,  the  large  area  repre- 
sented by  the  satellite  data  implies  a large  environ- 
mental effect.  The  calculations  are  also  rather 
insensitive  to  variations  in  the  lapse  rate.  Using 
either  the  moist  adiabatic  or  the  ambient  lapse 
rate  instead  of  the  average  of  the  two  produces 
only  10%  differences  in  the  calculated  velocities. 


Fic.  2.  Composite  vertical  velocity  profiles  for  6 May.  1975. 
Numbers  m parentheses  are  the  number  of  cases. 


The  final  validation  of  the  calculated  vertical 
velocities  must  come  through  a careful  compari- 
son with  radar,  aircraft  or  satellite  stereo  observa- 
tions. Some  of  the  work  toward  these  compari- 
sons is  underway.  Based  on  the  previous  discussion 
of  errors,  however,  the  authors  believe  the  values 
calculated  from  (1)  are  accurate  to  within  20%,  for 
the  size  area  they  represent.  Comparison  with  other 
estimates  and  calculations  will  be  made  in  the  fol- 
lowing sections. 

b.  Vertical  velocity  results 

Fourteen  elements  on  6 May  1975  and  14  on  24 
April  1975  were  analyzed.  Minimum  7m  as  a func- 
tion of  time  for  each  element  was  plotted  and 
dTB$idt  values  were  calculated.  The  warmest  or 
lowest  of  the  monitored  elements  were  at  7s« 
- 260  K (-6  km).  Not  all  thunderstorms  could  be 
observed  from  that  point  upward  through  the  re- 
mainder of  the  troposphere.  Some  elements  were  ob- 
scured by  other  storms:  other  elements  were  not  de- 
tected until  they  penetrated  middle  level  cloud  fields. 

Vertical  velocities  were  calculated  every  5 K in 
the  vertical  for  e?ch  cloud  element  or  thunder- 
storm using  Eq.  ( 1)  and  a lapse  rate  halfway  between 
ambient  and  moist  adiabatic.  The  mean  w was  then 
calculated  for  various  categones  of  clouds  to  pro- 
duce composite  profiles.  The  results  for  the  6 May 
case  are  shown  in  Fig.  2.  Profiles  are  shown  for 
thunderstorms  associated  with  severe  weather  re- 
pons (based  on  Nauonai  Severe  Storms  Forecast 


Fio.  3.  CompotiM  verucal  velocity  profile*  for  24  April.  1973. 


Center  logs)  and  those  with  no  accompanying 
reports.  The  numl^rs  in  parentheses  indicate  the 
number  of  cases  constituting  each  mean  or  com- 
posite vertical  velocity.  The  mean  profile  of  all 
cases  is  also  shown.  All  the  elements  defined  in  the 
6 May  case  were  intense  thunderstorms  reaching 
heights  >10.5  km  as  determined  from  the  SM^ 
CvOES  Tta's.  These  heights  are  probably  low 
compared  to  radar  echo  top  heights.  The  6 May 
storms  were  located  in  a relatively  narrow  band  from 
eastern  Nebraska  to  Texas  along  a north-south 
oriented  cold  front. 

The  profile  in  Fig.  2 for  all  of  the  6 May  cases 
indicates  a mean  magnitude  for  w of  ‘•‘i.5  m s~'  at 
8 km.  Above  that  level  there  is  a gradual  decrease 
in  the  upward  flow  and  a more  rapid  decrease 
above  10  km.  Between  10  and  1 1 km  the  horizontal 
divergence  can  be  estimated  through  the  continuity 
equation,  assuming  incompressibility,  so  that 

- in  - V V - 2 X l0-*s-'.  (2) 

dt 

The  vertical  velocities  in  Fig.  2 and  the  calculated 
divergence  noted  above  are  applicable  to  an  area  of 
about  10  km  on  a side.  The  calculated  vertical 
velocities  do  not  represent  updraft  core  velocities, 
which  could  be  an  order  of  magnitude  larger  when 
measured  on  a horizontal  scale  of  1 km  (see 
Section  5). 

The  results  displayed  in  Fig.  2 indicate  that  on 


the  average  the  elements  with  associated  severe 
weather  reports  have  larger  vertical  velocities. 
This  is  not  surprising  since  intensity  of  convection 
has  always  been  closely  associated  with  severe 
weather. 

A similar  diagram  for  24  April  1975  is  given  in 
Fig.  3.  The  convection  of  interest  on  this  day  was 
centered  in  southwestern  Missouri.  The  composite 
w profiles  for  three  categories  are  displayed.  The 
additional  category  is  for  weak  elements  which  did 
not  reach  a height  of  10  km  (as  determined  by 
the  Ttt  values).  In  the  layer  from  7 to  9 km  the 
average  w is  -1.5  m s~‘  for  those  storms.  This  is 
significantly  lower  than  the  composite  for  "non- 
severe”  elements  in  either  Figs.  2 or  3.  Part  of  the 
difference  in  w values  may  be  due  to  a size  differ- 
ence and  therefore  a difference  in  the  fraction  of 
the  IFOV  filled  by  the  ascending  cloud.  The  severe 
elements  have  a mean  w of  4-5  m s~‘  in  the  6-9  km 
height  range,  similar  to  that  found  in  the  6 May 
case  (Fig.  2). 

The  235-240  K level  (-8.7  km)  is  representa- 
tive of  the  layer  of  relatively  large  vertical  velocities 
on  both  days.  Fig.  4 shows  the  frequency  distribu- 
tion of  the  23  elements  or  clouds  for  these  two 
days.  The  hatched  portion  of  the  histogram  con- 
tains the  values  for  the  severe  weather  elements. 
The  average  w for  all  23  cases  is  3.4  m s~'.  The 
severe  and  non-severe  elements  have  average  values 
of  4.9  and  2.4  m s*'.  respectively.  The  severe 
thunderstorms  dominate  the  high  end  of  the  distribu- 
tion where  six  out  of  seven  cases  with  w > 4 m s~' 
are  associated  with  severe  weather  reports.  The 
difference  in  mean  w between  severe  and  non-severe 
clouds  is  significant  at  the  1%  level  using  the  :• 
distribution  test  (Panofsky  and  Brier,  1963). 

c.  Mass  ftux  calculation 

Because  the  values  of  w calculated  in  the  last  sec- 
tion are  represenutive  of  an  area  larger  than  a 
typical  thunderstorm  updraft,  vertical  volume  or 
mass  flux  calculations  can  be  simply  made  from 

Fm  “ pAw,  (3) 

where  Fm  is  the  vertical  mass  flux,  p the  density 
and  A the  area.  For  the  235-  240  K layer  (-8.7  km) 
p is  assumed  to  be  5 x 10*' kg  m~’.  and  A is  assigned 
a value  of  100  km*  for  the  area  of  the  satellite  IFOV . 

With  the  given  values  for  p and  A the  mean  ><' 
for  ail  storms  of  3.4  m s~'  is  convened  to  a mass 
flux  of  1.7  X 10*  kg  s*‘.  The  mean  w of  severe  ele- 
ments (4.9  m s~')  is  equivalent  to  a mass  flux  of  Z.4 
X 10*  kg  s~'.  These  magnitudes  are  for  the  mass 
flux  through  a given  layer  associated  with  a grow- 
ing thunderstorm  top.  The  calculated  values  com- 
pare favorably  with  results  presented  by  other 
investigators.  Kropfli  and  Miller  (1976)  calculate  a 
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value  of  1. 9-2.0  x 10*  kg  s~‘  between  8 and  9 km 
for  a northeast  Colorado  storm  calculated  using 
vertical  velocity  inferred  from  dual>Doppler  radar 
data.  Auer  and  Marwitz  (1968)  present  results  of 
the  cloud-base  mass  Oux  into  18  hailstorms  on 
the  high  plains  deduced  from  aircraft  measure- 
ments. Their  average  value  is  2.3  x 10*  kg  s~'. 
Therefore,  it  appears  that  the  upward  flow  deduced 
fivm  the  satellite  observations  is  of  a reason^le 
magnitude  when  compared  to  calculations  and  ob- 
servations on  approximately  the  same  scale.  Infer- 
ences about  the  magnitude  of  the  maximum  up- 
draft are  presented  in  Section  3. 

4.  Example  of  intcBM  thunderstorm 

On  24  April  1975  a severe  thundentorm  com- 
plex developed  over  extreme  northeastern  Okla- 
homa in  the  late  afternoon  and  moved  into  south- 
western Missouri  around  sunset.  The  most  signifi- 
cant severe  weather  associated  with  the  system 
was  the  Neosho,  Missouri,  tornado  which  touched 
down  at  approximately  0040  GMT  25  April.  By 
following  the  evolution  of  the  storm  system  back- 
ward in  time,  the  initial  intense  convection  can  be 
detected  and  iu  associated  rapid  cloud-top  growth 
calculated. 

The  Neosho  cloud  system  wu  designated  cloud 
18  as  part  of  a larger  study  of  this  day.  Fig.  5 exhibits 
minimum  cloud-top  T,g  as  a fiinctioo  of  time  for 
cloud  18  in  its  early  stages.  The  temperature 


drops  precipitously  between  2200  and  2220  GMT 
with  a ntaximum  calculated  rate  of  4 K min~'.  The 
drop  in  temperature  between  250  and  220  K takes 
only  a little  more  than  15  min.  This  type  of  rapid 
change  emphasizes  the  importance  of  short-interval 
dau  to  study  and  monitor  thunderstorm  activity. 

Using  a lapse  rate  varying  from  7.8  K km*'  at 
260  K.  to  8.6  K km*'  at  240  K,  to  8.0  K km*‘  at 
215  K the  vertical  velocity  was  calculated  using 
Eq.  (1).  The  resulu  for  cloud  18  are  shown  in  Fig.  6. 
The  maximum  tv  is  7.8  m s~‘  at  about  9 km.  Above 
that  height  there  is  a rapid  decrease  of  tv  with  height, 
with  a calculated  divergence  [using  Eq.  (2)]  of  4.2 
X 10~*  s~'  over  nearly  a 2 km  deep  layer.  It  must  be 
remembered  that  the  vertical  velocities  and  diver- 
gences are  applicable  for  an  area  of  ~ 10  km  on  a side . 

The  temperature  curve  in  Fig.  5 flattens  out  and 
reaches  a plateau  at  214  K„  which  is  equivalent  to  a 
height  of  - 1 1 .5  km.  Fip.  5 and  6 are  indicative  of  the 
convective  surge  of  the  lint  thunderstorm  cell  in  the 
system.  After  2320  GMT  the  organization  of  the 
system  (as  viewed  by  the  satellite)  becomes  more 
complex,  with  three  cold  centers  appearing.  The 
main  center  (designated  cloud  18c)  undergoes  some 
short-lived  growth  associated  with  the  Blue  Jacket, 
Oklahoma,  tornado,  but  then  remains  quiet,  al- 
though definable,  until  a new  cell  evidently  pene- 
trates the  already  cold  cirrus  canopy.  With  this 
new  cell  the  Tu  values  again  fall,  this  time  to  206  K. 
During  this  period  of  decreasing  T$t  values,  the 
Neosho,  Missouri,  tornado  touched  down.  A farther 
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Fio.  5.  Minimum  equivalent  biackbody  temperature  T„  as  a 
ftincuon  of  time  for  cloud  18  on  24  Apnl  1975. 


drop  in  temperature  to  201  K occurs  20  min  later. 
The  minimum  temperature  on  the  nearby  Monett, 
Missouri  sounding  was  210  K,  indicating  that  the 
storm  had  penetrated  well  into  the  stratosphere. 
Although  the  initial  disturbance  (Fig.  5)  leveled  out 
at  214  K,  it  was  the  starting  point  for  convection 
that  eventually  reached  201  K,  about  13  1cm  in 
height,  1 km  above  the  tropopause. 

S.  Interpretation  of  calculated  vertical  velocities  In 
terns  of  maximum  updraft 

The  vertical  velocities  presented  in  the  previous 
sections  of  this  paper  are  mean  velocities  over  an 
area  equivalent  to  the  satellite  instantaneous  field 
of  view  (IFOV),  which  in  this  case  is  -100  km*.  In 
the  temperature  range  233  -240  K (-8.7  km)  the  23 
observed  w's  based  on  the  satellite  data  ranged 
from  1.2  to  7.8  m s*'.  with  a mean  of  3.4  m s"‘. 
.Although  these  are  very  large  values  when  compared 
to  typical  synoptic-sc^e  w's,  they  are  small  when 
compared  to  maximum  thunderstorm  updraft  magni- 
tudes. Thundentorm  updrafts  can  reach  magnitudes 
of  10  m s*‘  very  easily  and  are  typically  30  m s'*  in 
supercell  thunderstorms  (Browning,  1977;  Davies- 
Jones,  1974).  These  large  updraft  values  are  prob- 
ably representative  of  an  area  -1  km*.  Thus  there 
are  two  orders  of  magnitude  difference  in  the  area 


covered  by  the  estimated  w's  obtained  from  the 
satellite  data  in  this  study  and  the  area  covered  by 
the  peak  updraft  velocity. 

Assuming  axial  symmetry  and  a knowledge  of  the 
sh^  and  size  of  the  radial  profile  of  vertical  velocity, 
one  can  make  an  estimate  of  the  maximum  updrsift 
magnitude.  Kyle  et  al.  (1976)  have  investigated 
updraft  profiles  determined  from  penetrating  air- 
craft and  have  fitted  mathematical  expressions  to 
the  observations.  One  of  the  expressions  tested, 
with  good  results,  is  the  profile  for  an  axially 
symmetric  jet  (Schlichting,  1968).  The  formula  is 

w ■ WoC"*'’'*’*,  (4) 

where  wo  is  the  peak  w,  r is  the  radial  distance,  R 
the  radius  of  the  updraft,  and  the  constant  a > 2.3. 
The  constant  was  chosen  in  the  present  work  so 
that  w K 0. 1 Wo  at  r ^ R.  That  is,  the  updraft  radius 
R is  defined  so  that  the  vertical  velocity  is  not  zero 
at  the  updraft  edge,  but  one-tenth  the  maxi- 
mum value. 

Integrating  Eq.  (4)  over  a circular  area  of  radius 
ri  and  dividing  the  result  by  the  area  of  the  integra- 
tion produces  an  expression  for  the  mean  >«  over 
the  area,  i.e., 

- e-"---'***].  (5) 

For  values  of  r,  > f?,  the  term  in  brackets  ap- 
proaches a value  of  1 . 


If  the  radius  of  integration  is  equal  to  the  updraft 
radius  (r,  « H), 

tv  ■ 0.39tv,.  (6) 

Therefore,  if  the  updraft,  as  defined  by  K,  exactly 
fills  the  satellite  IFOV,  the  maximuin  updraft  will 
still  be  2.5  times  the  satellite>based  estimate  of  tv. 

The  size  of  thunderstorm  updrafts  is  highly  vari- 
able (Browning,  1977).  Based  on  the  discussion  of 
updraft  sizes  by  Browning  (1977)  and  an  examina- 
tion of  cross  sections  by  Kropfli  and  Miller  (1976) 
and  Ray  (1976)  of  thunderstorm  vertical  motions 
deduced  from  Doppler  radar  data,  an  updraft  radius 
of  3 km  is  reasonable. 

For  an  area  of  1(X)  km*  (approximately  equal 
to  the  IFOV).  the  equivalent  radius  of  integration 
is  5.6  km.  Thus  with  R *•  3 km  and  r,  - 3.6  km. 

tv  ■ 0.1 2tv,.  (7) 

Thus,  with  all  the  assumptions  as  to  profile  shape 
and  updraft  size.  Eq.  (7)  indicates  that  the  mean  tv 
of  3.4  m S'*  is  equivalent  to  atvo  of  28  m s~‘  and  the 
7.8  m s*'  value  from  the  Neosho  storm  (Section  4) 
is  equivalent  to  a w#  of  65  m s"‘. 

If  the  updraft  radius  is  larger  than  3 km.  the  tv» 
values  would  be  smaller  than  just  calculated.  For 
an  /?  of  3.5  km,  instead  of  3 km,  the  65  m s“‘  value 
in  the  last  paragraph  would  drop  to  46  m s~'.  It  is 
obvious  that  the  calculated  tv,  is  sensitive  to  the  size 
of  the  updraft.  Observations  summarized  by  Kyle 
et  al.  (1976)  indicate  that  R is  a function  of  tv,,  at 
least  for  small  radii.  An  accurate  expression  for  R 
as  a function  of  tv,  would  allow  Eq.  (5)  to  become  a 
statement  of  the  relation  between  tv  and  tv,. 

Despite  the  variability  and  sensitivity  of  the  tv, 
calculations,  it  is  evident  that  the  satellite  observa- 
tions on  a scale  of  10  km  are  producing  tv  of  up  to 
approximately  8 m s~‘,  and  this  can  be  interpreted 
as  being  rou^y  equivalent  to  a maximum  updraft 
of  50  m s"‘  in  intense  thunderstorms. 

6.  Summary 

Rapid-scan  (5  min  interval)  SMS/GOES  IR  data 
have  been  used  to  estimate  thunderstorm  top  ascent 
rates  for  severe  and  non-severe  thunderstorms  on 
two  case  study  days.  The  vertical  velocities  are 
calculated  by  converting  the  time  rate  of  change  of 
minimum  7,$  to  verdcal  velocity  w through  use  of  a 
lapse  rate.  On  both  days  examined  (6  May  and  24 
April  1975)  the  thunderstorm  elements  with  associ- 
ated severe  weather  reports  have  larger  average  w’s. 
At  a temperature  level  (235-240  K)  equivalent  to  a 
height  of  ~8.7  km.  the  23  elemenu  monitored  had  a 
mean  w of  3.4  m s"‘.  The  severe  and  non-severe 
elements  had  mean  w’s  of  4.9  and  2.4  m s~‘.  In- 
tensity of  convection  appears  to  be  correlated  with 


the  occurrence  of  severe  weather,  and  the  satellite 
data  appear  to  be  capable  of  quantifying  the  con- 
vection intensity. 

The  calculated  vertical  velocities  are  representa- 
tive of  an  area  (100  km*)  roughly  equivalent  to  the 
satellite  instantaneous  field  of  view  (IFOV).  Mass 
flux  estimates  of  -2  x 10*  kg  s~'  are  calculated, 
which  are  reasonable  in  comparison  with  other 
estimates. 

The  largest  >v,  calculated  directly  from  the  satellite 
data  (at  the  8.7  km  height),  was  7.8  m s~'  occurring 
with  the  initial  convection  associated  eventually 
with  the  Neosho,  Missouri,  tornado.  This  vertic^ 
velocity  corresponds  to  a rate  of  cloud  top  tempera- 
ture decrease  of  4 K min*',  which  indicates  the  need 
for  high  time  resolution  geosynchronous  satellite 
dau  even  with  the  relatively  coarse  spatial  resolu- 
tion of  the  IR  measurements. 

Calculations  were  performed  to  estimate  the  peak 
updraft  velocity  from  the  satellite-based  v^ues 
(averages  over  100  km*  areas).  Using  the  velocity 
profile  formula  for  an  axially  symmetric  Jet  to  rep- 
resent the  thunderstorm  updraft,  we  derived  an  ex- 
pression relating  w (the  satellite-based  w)  to  w,  (peak 
updraft  velocity)  and  R (updraf:,  radius).  With  a 
reasonable  value  of/?  (3-3.5  km),  the  w of  7.8  m s~‘ 
for  the  Neosho  storm  produces  an  estimate  of  ap- 
proximately 50  m s*'  for  w,. 

The  calculations  and  examples  of  this  paper  reveal 
that  the  SMS/GOES  rapid-scan  data  cam  provide 
useful  quantitative  information  on  thunderstorm 
vertical  motions  and  therefore  convection  intensity. 
Although  the  vertical  motion  calculations  must 
undergo  closer  scrutiny  through  comparison  with 
Doppler  radar  estimates  and  possibly  with  vertical 
growth  rates  determined  from  stereo  geosynchro- 
nous satellite  images,  they  provide  a staning  point 
for  the  quantitative  use  o'  the  satellite  data  in  the 
study  of  thunderstorms  and  provide  the  possibility 
for  eventual  use  in  the  monitoring  of  thunderstorm 
activity. 
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ABSTKACT 

DipitAl  iafrorod  dou  from  • (oasynchronou*  lotoUito  (SMS  2)  on  6 Moy  1975  trt  uood  to  ttudy  thundtr* 
Uorm  vtrticnl  growth  mt«  ond  cloud  top  ttructuro  in  rtUtion  to  tht  occurmct  of  Mvort  winthtr  (tor- 
nodoto,  hail  and  high  wind)  on  tho  ground.  All  thundorttormt  from  South  Dakota  to  Tnat  along  a north- 
louth  ^ontad  cold  front  art  monitMod  for  a 4 h period  with  5 min  intorvai  dau. 

An  taamiaadoo  of  five  cloud  altmMU  having  eight  tomadota  indkatM  that  in  tevon  of  right  caooa  tht 
fint  report  of  the  tornado  took  place  during,  or  juat  after,  a period  of  cloud  top  aicent.  Thio  vertical  velocity 
it  app^ble  to  an  area  of  15  km  on  a ride. 

‘nunderttotm  growth  rate,  at  determined  by  the  rate  of  blackbody  temperature  iaotherm  tzpanrion 
and  miftimum  cloud  top  temperature,  are  thowa  to  be  correlated  with  reporu  of  levere  weather  on  the 
ground.  A time  analyria  indkatea  that  the  derived  parameteri  reach  critical  valuea  woo  enough  to  provide 
a potential  warning  lead  time  of  approximately  50  min. 

Equatimt  are  derived  relating  the  thunderttorm  growth  rate  to  vertical  velocity  and  outflow  layer 
divergence.  Severe  thunderttorm  elementa  are  ihown  to  have  mean  vertical  veleddea  approrimately  twice  m 
large  u the  non-tevere  elementa.  The  outflow  layer  divergence  la  cakulated  to  be  1 X 10~*  a*'  for  the 
levere  thunderttorma. 


1.  Introduction 

Infotmation  obuined  from  geoeynchronous  utcHite 
dnu  hu  the  potential  of  leading  to  greater  under* 
standing  of  convective  and  other  mesoscale  activity 
and  also  the  potential  of  being  an  important  com- 
ponent in  the  detection  and  monitoring  of  thunderstorm 
activity  in  general,  and  of  severe  thunderstorms  in 
particular,  llie  detection  of  thundentorms  using  utel- 
lite  dau  has  centered  on  the  interpreution  of  images. 
For  example,  Purdom  (1976)  has  noted  that  inter- 
secting cloud  lines  can  produce  enhanced  convection 
and  thunderstorms.  However,  quantiutive  information 
on  doud  growth  rates  can  also  be  determined  by 
examining  a sequence  of  images.  Sikdar  tt  of.  (1970), 
Purdom  (1971)  and  Am  (1975)  have  ^ ATS  3 visible 
dau  to  meuure  thunderstorm  anvii  e-xpansion  rates. 
.Adler  and  Tenn  (1976),  Yuen  (1977)  and  Negri  «f  of. 
(1976)  have  used  SMS  dnu  to  make  similar  calcula- 
tions. Adler  and  Fenn  (1976)  showed  e.xamples  of  cold 
area  e.xpansion  rates  related  to  Uiundetstorm  growth 
using  SMS  window  channel  infnred  dau.  These 
measurements  were  for  areas  smaller  than  entire  drrus 


‘A  prclifflinaiy  vtnien  of  this  paper  wm  presented  u the 
Tenth  Conference  on  Severe  Local  Storms  at  Omaha,  Nebraska. 


anvils  and  provide  a technique  to  monitor  individual 
thunderstorms  nther  than  a group  of  storms  under 
a large  cirrus  shield.  This  lut  study  also  included 
an  e.xample  of  a tornado  preceded  by  the  npid  e.x- 
pansion of  a cold  area,  implying  rapid  ascent.  All  of 
these  studies  indicated  that  there  are  parameters  de- 
terminable from  geosynchronous  satellite  data  that 
tend  to  be  related  to  the  occurrence  of  severe  weather. 

2.  ObjtctiT*  and  approach  of  study 

The  objective  of  the  research  reported  on  in  this 
paper  is  to  develop  techniques  to  use  geosynchronous 
satellite  dau  to  help  detect  and  monitor  severe 
thunderstorms,  and  to  study  their  characteristics. 
Spedfically,  the  purpose  is  to  determine  if  thunderstorm 
growth  rates  and  characteristics  observable  with  SMS 
irirared  (IR)  dau  can  be  correlated  with  the  occur- 
rence of  severe  weather  on  the  ground.  The  occurrence 
of  thunderstorm-related  severe  weather  (tornadoes, 
hail,  high  winds)  is  highly  correlated  with  the  inten- 
sity of  convection.  Using  SMS  IR  dau  one  should  be 
able  to  calculate  parameters  related  to  convection 
intensity,  such  u doud  top  temperature  and  its  rate 
of  change. 

\ particular  area  is  outlined  and  all  thunderstorms, 
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or  thunderstorm  clusters,  in  thst  ares  for  a given 
time  period  are  monitored.  Parameters  derived  from 
the  satellite  dau  are  then  compared  to  ground  reports 
of  severe  weather.  The  discussion  of  the  results  in 
this  paper  concentrates  on  examples  of  tornado* 
bearing  thunderstorms  and  comparisons  between  severe 
and  non-severe  thunderstorms.  Vertical  velocity  and 
divergence  estimates  are  also  presented. 

3.  Data  and  method  of  calculation 

SMS  2 digital  IR  data  from  the  period  1803-2208 
GMT  6 May  1975  were  used  in  this  study.  This 
period  was  part  of  a limited-scan  observation  period 
wherein  a relatively  narrow  swath,  with  its  long  axis 
oriented  east-west,  wu  observed  by  the  utellite,  but 
on  a frequent  basis.  For  this  case  the  nominal  period 
between  observations  wu  5 min.  The  spatial  resolu- 
tion of  the  IR  channel  is  about  9.4  km  at  40*N. 
There  ia  a sampling  overlap  in  the  left-to-right  direc- 
tion so  that  each  data  point  is  centered  4.7  km  from 
the  center  of  the  next.  Lines  are  repeated  during  the 
dau  processing  to  complement  the  left-to*right  over- 
sampling  so  that  image  distances,  either  left-to-right 
or  up>-to-down,  correspond  appro.ximately  to  each 
other  in  terms  of  geographical  distance.  Because  of 
the  sampling  overlap  in  the  left-to-right  direction  and 
the  repetition  of  !l;ies,  each  daU  point  in  this  study 
represenu  an  area  approximatelv  4.7  km  on  a side, 
or  22  km*. 

The  calculations  presented  in  the  next  section  were 
performed  on  the  .Atmospheric  and  Oceanic  Informa- 
tion Processing  S>’stem  (.AOIPS),  an  interactive  image 
processing  system  described  by  Billingsley  (1976). 
\Vith  this  sx’stem,  an  irregularly  shaped  area  can  be 
outlined  on  a color  enhanced  television  image  and 
a histogram  of  the  digital  counts  inside  the  area 
obtained. 

The  temperature  resolution  of  the  IR  dau  is  1 K 
in  the  range  of  equivalent  blackbody  temperatures 
(Ttt'i)  of  iiitsrest  in  this  study.  Due  to  the  &xed 
point  algorithm  used  in  the  transformation  of  raw 
counu  in'o  calib.xted  values,  voids  appear  in  histo- 
grams lGoa<Urd  and  Remondi,  1975).  In  the  range 
of  Tb$  between  206-226  K,  these  voids  appear  every 
3-5  K. 

From  the  calculated  histogram  a cumulative  histo- 
gram is  compiled  surtiitg  from  the  cold  end  of  the 
temperature  distribution.  The  number  of  poinu  .Y, 
with  4 F,  is  obtained,  with  T,  ranging  from  the 
lowest  temperature  in  the  area  to  the  highest  tem- 
perature Tt,  where  T«  is  defined  u the  warmest  Tbb 
that  forms  a closed  isotherm  around  the  element 
being  defined.  In  the  case  of  easily  defituble,  indi- 
vidual thunderstontu  or  thundentorm  clusters,  an 
entire  cirrus  anvil  may  be  defined.  Examination  of 
cirrui  anvils  led  to  the  subjective  determination  that 
the  rsfw258  K isotherm  corresponds  approxioutriy 


to  the  anvil  edge.  Although  this  value  is  much  warmer 
than  the  actual  cloud  temperature,  the  emissivity  at 
the  thin  anvil  edge  is  much  less  than  unity,  resulting 
in  the  warm  Tbb-  In  addition,  the  response  function 
of  the  sensor  may  result  in  a more  gradual  change 
in  Tbb  than  is  actually  occurring.  Preliminaty  exami- 
nation of  expanding  anvils  indicated  that  the  areal 
change  within  somewhat  lower  Tbb'*  paralleled  the 
areal  change  within  258  K.  For  this  reason  a lower 
temperature,  Tbb**  226  K,  was  chosen  as  the  warmest 
cloud  tops  to  be  considered  in  the  definition  of  areas. 
Therefore,  the  clouds  studied  here  have  already  ob- 
tained a height  of  at  least  9.5  km  based  on  soundings 
for  this  day.  The  early  development  of  the  thunder- 
storms is  thus  not  e.xamined  in  this  study.  Satellite 
observations  of  earlier  growth  of  thunderstorms  is 
e.xamined  by  .Adler  and  Fenn  (1978).  . 

As  the  anvil  of  s thunderstorm  or  thunderstorm 
cluster  expands,  it  eventually  comes  into  contact  with 
other  anvils.  When  the  warmer  temperatures  near  the 
outer  edge  of  the  cloud  can  no  longer  be  uniquely 
identified  with  the  feature  being  examined,  T«  is  de- 
creased to  a value  such  that  the  statistics  of  the  data 
inside  the  area  defined  by  T » now  represent  the  feature 
being  e.xamined.  In  areas  #here  a number  of  anvils 
have  formed  a continuous  cirrus  overcast,  the  object 
is  to  detect  and  monitor  colder  (higher)  regions  within 
the  general  cirrus  background.  In  these  cases  To  is 
often  very  cold  (—212  K)  and  the  elements  defined 
contain  only  a small  range  of  Tbh- 

The  thunderstorms  analyzed  in  this  study  lie  along 
a generally  north-south  oriented  cold  front  from 
Xebniska  southward  throu(;h  Texas.  This  area  con- 
tains all  the  reported  tornadoes  for  this  day  during 
this  time,  other  severe  thunderstorms,  and  thunder- 
storms with  no  reported  severe  weather.  .A  ^..-lection 
of  SMS  2 images  covering  the  time  period  studied  is 
show.i  in  Fig,  1.  Especially  late  in  the  period  there 
are  areas  of  cirrostratur  clouds  which  cannot  be  asso- 
ciated with  individual  thunderstorm  anvils.  Thunder- 
storm elements  can  still  Le  identified  by  analyzing 
only  the  colder  portions  of  a cloud.  For  example. 
Fig.  2 shov  s the  distribution  of  selected  T bb  isotherms 
for  the  region  outlined  in  the  2128  GMT  panel  of 
Fig.  1.  The  area  of  interest  in  Fig.  2 is  the  region  of 
relatively  cold  tempeiatures  below  the  center  of  each 
panel.  .At  2057  GMT  there  is  only  a small  area  having 
a temperature  of  208  K.  Over  the  next  30  min  the 
208  K isotherm  e.xpands  rapidly  and  colder  tempera- 
tures appear.  These  changes  imply  ascent.  The  element 
defined  by  the  208  and  206  K isothc'ms  is  typical  of  the 
small,  cold  cloud  elements  monitored  in  this  case.  This 
particular  element  (defined  as  cloud  $b)  was  associated 
with  the  Omaha  tornado  which  touched  down  at 
2133  GMT.  The  position  of  the  Omaha  tornado  rela- 
tive to  the  cloud  top  Tbb'%  is  shown  in  the  last  panel 
of  the  figure.  .A  hail  report  is  shown  m the  panel  for 
2118  GMT.  .A  discussion  of  tornado  reports  relative 
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Fic.  2.  Analyta  ol  infnnd  Tt»  isothenns  over  • unall  area  shown  in  Fig.  1. 
H marfcs  location  of  hail  reports;  triangle  marks  tornado  report. 


to  cloud  top  features  is  given  in  the  next  section. 
From  Fig.  2 it  can  be  seen  that  the  e.xpansion  of  the 
small  cold  areas  caimot  be  interpreted  as  anvil  ex- 
pansion. .Analysis  of  the  cold  area  exy  nsions  in  terms 
of  vertical  velocity  and  divergence  is  given  in  Section  7. 

The  occurrence  of  severe  weather  in  this  study  is 
determined  primarily  from  the  Severe  Weather  Events 
Log  compiled  by  the  National  Severe  Storm  Forecast 
Center  (NSSFC)  in  Kansas  City,  with  cross  reference 
to  the  Environmental  Dau  Service’s  Data. 


4.  Results  from  tornado-bearing  storms 

Five  clouds  or  elements  ir  the  area  e.xammed  had 
tornadoes  associated  with  them,  with  the  total  number 
of  tornadoes  being  nine.  The  approximate  locations 
of  the  tornadoes  are  given  in  Fig.  3.  Four  of  these 
tornadoes  cart  be  considered  relativeli-  strong  tor- 
nadoes. These  are  identified  by  nearby  town  names 
as  the  Pierce,  Magnet,  Winside  and  Omaha  tornadoes, 
all  occurring  in  Nebraska.  The  fifth  lomado  cloud  is 
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Ftc.  J.  Locuion  oi  toniaclocs  on  6 May  1975  in  area  of 
intemt.  Amm  itprctent  approximat*  uaclu  for  telativtly 
strong  corttadoes. 

asaociated  with  the  relatively  weak  Saunders  County 
(Nebraska)  tornado. 

Fig.  4 is  the  thunderstorm  growth  rate  diagram  for 
cloud  4.  The  cloua  numbering  system  is  the  original 
one  used  in  the  study  to  identify  approsimately 
60  clouds  or  elements  from  South  Dakota  to  Te.xas. 
£\entually,  only  39  elements  were  determined  to  be 
acti\’e  thunderstorm  areas.  The  eiimiiuted  elements 
could  only  be  followed  for  a short  time  and  indicated 
little  or  no  growth.  The  cloud  or  element  numbers 
will,  therefore,  not  necessarily  be  sequential.  The 
diagram  indicates  the  relation  between  .V,  and  time, 
where  .V,  is  the  number  of  dau  points  in  the  defined 
element  with  blackbody  temperature  For 

example,  the  curve  in  Fig.  4 for  r,*218  K e.xhibits 
an  increase  from  .V*14  at  1808  GMT  to  .Vw60  at 
1823  GMT.  Before  1808  the  minimtun  Tg$  was 
warmer  than  218  K.  The  curve  is  drawn  to  .Y«  1 at 
1803  GMT,  so  that  the  growth  from  zero  to  14  can 
be  displayed.  Because  the  .V  axis  is  logarithmic,  the 
slopes  of  the  lines  are  proportional  to  .Y~‘d.V/df. 
Plotted  poinu  wnich  are  cMed  indicate  that  the 
area  is  not  defined  uniquely  by  that  isotherm,  but 
that  a por*'on  of  the  iMrder  is  approximated.  The 
approximation  is  usually  small  and  does  not  signifi- 
cantly afiect  the  count.  The  conversion  from  number 
to  area  is  accomplished  by  multiphing  tne  number 
of  points  by  22  km^  The  location  in  time  of  the 


severe  weather  events  is  shown  across  the  top  of 
the  diagram. 

Cloud  4 in  Fig.  4 shows  a rapid  decrease  in  mini- 
mum blackbody  temperature,  or  Fai.,  and  a rapid 
expansion  of  areas  within  isotherms.  The  decrease  in 
temperature  can  be  calculated  by  moving  horizontally 
across  the  diagram  at,  for  e.xample,  X • 10.  The  216 
and  212  K lines  are  separated  by  20  min,  indicating 
a rate  of  decrease  of  0.2  K min~‘.  The  values  of 
,V”‘d.Y/df  are  of  order  of  magnitude  10^  s~*.  The  de- 
crease in  temperature  and  expansion  of  isotherms,  of 
course,  implies  ascent.  The  vertical  velocity  is  related 
to  the  rate  of  temperature  change  by 


With  a reasonable  lapse  rate,  8 K km~',  the  tempera- 
ture change  of  0.2  K min~'  is  equivalent  to  a vertical 
velocity  of  » of  0 4 m s~‘.  This  is  a reasonable  vertical 
velocity  estimate  considering  the  area  over  which  it 
is  an  average  ('»225  km')  and  considering  it  represents 
a time  when  the  cloud  top  is  decelerating  as  it  ap- 
proaches and  penetrates  the  tropopause  at  approxi- 
mately 12  km.  Much  larger  values  of  vertical  vdodty 
are  calculated  for  clouds  whose  tops  are  just  1 or  2 km 
lower.  more  detailed  examination  of  the  vertical 
velocity  estimates  is  given  in  Section  7. 

Three  tornadoes  are  associated  with  cloud  4 (Fig.  4). 
(^e  in  Bon  Homme  County  (South  Dakota)  is  in  the 


Ftc.  4.  Thondentom  growth  rate  diagram  ior  cloud  4.  .V  is 
the  number  of  data  poinu  in  the  element  with  blackbody  tern- 
petatuia  Tfa$7.,  where  7.  is  u identified  in  the  diagram. 
Occurrence  of  severe  weather  is  marked  by  arrow  at  time  of 
report,  with  T indicating  tornado. 
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Fw.  5.  'ntundcntotm  growth  rmte  dUgnm  for  dcud  5. 


vicinity  of  this  element,  but  when  no  distinct  cold 
area  can  be  defined.  The  Pierce  tornado,  the  strongest 
of  the  three,  was  first  reported  at  1905  GMT.  At  that 
time  and  immediately  preceding  it,  durmg  the  tornado 
formation  p>eriod,  the  element  e.'chibiis  cold  area  e.x- 
pansion  and  decreasing  temperature,  indicating  ascent. 
The  same  pattern  also  is  associated  with  the  Kno.\ 
County  tornado. 

Fig.  5 shows  the  diagram  for  cloud  5 which  is 
identified  as  having  been  associated  with  the  Magnet 


tornado.  At  the  beginning  of  the  period,  relatively 
slow  growth  is  indicated  for  the  221  and  220  R areas. 
A few  points  with  T«218K  a;)pear  and  then  dis- 
appear before  a period  of  very  rapid  growth  is  ob- 
served between  1825-1840  GMT.  The  maximum  of 
.V~*dA7df  is  6.2X10~*  s~‘  at  218  K.  The  minimum 
temperature  also  drops  very  rapidly  during  this  period. 
After  1843  GMT  no  clearly  defined  cold  area  can  be 
identified,  although  the  cloud  element  can  still  be 
identified  in  the  higher  resolution  visible  images.  In 
the  IR  data  cloud  5 appears  as  an  extension  of  an 
element  immediately  to  the  south,  cloud  22.  Xot  until 
1923  GMT  or  40  min  later,  is  a definable  cold  area 
at  211  K observed  for  cloud  5.  Over  the  next  10  min 
this  isotherm  e.xpands  swiftly.  The  initial  report  of 
the  tornado  is  at  1915  GMT,  as  noted  on  the  diagram, 
but  the  tornado  hits  the  town  of  Magnet  at  1945  GMT 
and  lasts  at  least  until  2000  GMT.  It,  therefore,  ap- 
pears that  this  tornado  also  formed  and  touched  down 
during  a time  when  the  thunderstorm  top  was  as- 
cending at  the  spatial  scale  observable  with  the 
IR  data. 

Just  to  the  south  of  the  Magnet  cloud  is  cloud  22 
(Fig.  6).  This  element  can  be  defined  continuously  for 
almost  3 h.  Two  tornadoes  are  associated  with  this 
element  at  two  widely  separated  times.  The  first,  at 
Winside,  Nebraska,  is  reported  at  1945  GMT.  As  with 
the  tornadoes  already  e.xamined,  this  tornado  occurs 
during  a period  of  rapid  increase  in  cold  area,  which 
in  this  case  lasts  from  about  1900  GMT  until  2000 
GMT.  The  maximum  value  of  .V"'d.Y  dt  is  4.5  X 10^  s"', 
following  the  211  K isotherm.  The  second,  weaker 
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F{C.  7.  Thundentorm  growth  rate  duftaro  for  cloud  38. 
H indicates  report  of  hail. 


tornado,  at  2130  GMT,  is  located  in  DLxon  County, 
Nebraska.  Although  there  >s  a brief  period  of  e.xpanding 
cold  area  between  212S-2145  GMT,  this  tornado 
occurs  during  a period  of  generally  decreasing  cold 
areas  and  warming  temperatures.  One  can  speculate 
that  during  the  dying  phase  of  element  22,  one  last 
vigorous  thunderstorm  penetrates  the  dmis  shield, 
showing  up  for  a short  time  as  the  secondary  ma.xi- 
mum  in  the  209  K curve  at  2140  GMT. 

A tornado  occurring  in  Saunders  Country,  Nebrask.-., 
is  associated  with  cloud  38  (Fig.  7).  Again,  the  reported 
time  of  the  tornado  is  during  a period  of  cold  area 
expansion  indicating  ascent.  The  roost  rapid  increase 
in  .V  is  between  1930-1950  GMT  at  a rate  of  6.7 
XIO^  s“‘.  The  minimum  temperature  reached  is 
208  K. 

The  curves  for  cloud  8b  are  shown  in  Fig.  8.  Two 
tornadoes  are  associated  with  this  cloud,  including 
the  severe  Chnaha  tornado.  This  element  is  observed 
to  go  through  two  periods  of  rapid  ascent  during 
a 2 h period.  Reports  of  hail  and  high  wind  (>50  kt) 
are  associated  with  the  first  period  of  rapid  e.xpansion. 
The  element  is  then  observed  to  have  a decrease  in 
cold  area  between  2040-2055  GMT.  After  that  there 
is  a sharp  increase  in  .V  (208  K)  and  colder  tempera- 
tures appear.  Although  there  is  good  continuity  of 
the  element  during  this  cycle  rf  inferno!  ascent  and 
descent,  the  second  period  of  ascent  is  probably 
brought  about  by  a new  th<mdentorm  penetrating 
the  cirrus  shield  in  approximately  the  same  area. 

Simil&r  to  previous  cases,  the  growth  rate  of  cloud  8b 


during  the  30  min  period  prior  to  the  first  tornado 
report  indicates  ascent.  During  the  lifetime  of  the 
tornado  (2133-2150  GMT)  no  ver>-  sharp  area  in- 
crease is  noted.  In  fact,  the  dip  in  the  206  K line 
could  possibly  be  interpreted  as  a partial  collapse  of 
the  thunderstorm  top.  This  is  the  oni>-  element  for 
which  such  a feature  is  evident.  No  data  are  available 
from  2150  to  2208  GMT.  .At  the  later  time,  205  K 
temperatures  appear,  indicating  more  growth.  The 
Beebeetown,  Iowa,  tornado  is  reported  during  the 
period  2200  to  2230  G.MT. 

During  the  time  period  e.xamined,  nine  tornadoes 
were  reported,  eight  of  which  could  be  clearly  con- 
nected with  a small,  cold  area  in  the  IR  data.  The 
exception  was  the  Bon  Homme  County  tornado  which 
was  located  in  the  vicinity  of  cloud  4,  but  long  after 
it  was  no  longer  possible  to  define  a small,  distinct 
cold  area  in  it.  Of  the  remaining  eight  cases,  all  but  one 
(Dixon  County — clcud  22)  occurred  during,  or  just 
after,  a rapid  increase  in  cold  area,  indicating  cloud 
top  ascent.  Therefore,  it  appears  that  the  formation 
of  tornadoes  in  a large  majority  of  cases  occurred 
during  a period  of  increasing  thunderstorm  cloud  top 
height.  This  upward  vertical  velocity  applies  on  a 
spatial  scale  of  appro.ximately  15  km  on  a side. 

The  observations  of  increasing  thunderstorm  top 
heights  at  the  time  of,  or  just  prior  to,  tornado 
touchdown  in  the  present  stud>-  seemingly  contradict 
aircraft  observations  of  overshooting  tops  discussed 
by  Fujita  (1973),  Pearl  (1974)  and  Umenhofer  (1975). 
They  relate  collapsing  cloud  domes  (above  the  anvil 
cinxis)  to  the  occur>ence  of  tornadoes.  This  discrep- 
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Pic.  9.  Location  of  tornado  reports  relative  to  IR  cloud  top  features. 


ancy  may  be  related  to  a difference  in  scale  between 
the  two  types  of  observations.  The  satellite  observa- 
tions apply  to  a scale  of  about  15  km  on  a side.  Shenk 
(1974)  has  e.xamiiicd  the  size  distribution  of  over- 
shooting domes  or  turrets  and  finds  a median  diameter 
of  approximately  5 km.  Therefore,  the  satellite  vertical 
motions  are  applicable  to  an  area  appro.ximately  an 
order  of  magnitude  larger  than  that  observed  with 
the  aircraft.  Comparison  of  results  is  therefore  difficult. 

Radar  observations  also  do  not  show  a sharp  in- 
crease in  echo  top  height  prior  to  tornado  touchdown. 
For  e.xample,  Lemon  et  al.  (1978)  show  nearly  steady 
or  slightly  decreasing  radar  heigh  s for  the  30  min 
prior  to  the  Union  City,  Oklahoma,  tornado.  A rapid 
decrease  of  the  radar  top  follows  the  tornado  touchdown. 
Again  these  observations  are  on  a small  s ile  com- 
pared to  the  satellite-based  cloud  top  changes.  .A  full 
understanding  of  the  relation  of  satellite-inferred  cloud 
top  changes,  radar  Kho  height  and  actual  cloud 
changes  on  various  scales  must  await  closer  coordina- 
tion in  the  observations. 

Locations  of  six  tornado  reports  relative  to  cloud 
top  features  observed  in  the  satellite  IR  data  are 
shown  in  Fig.  9.  .A  similar  diagram  for  the  Omaha 
tornado  is  given  in  Fig.  2.  The  surface  tornado  loca- 
tions have  been  shifted  to  cloud  top  relative  positions 
for  a cloud  height  of  12  km  to  compensate  for  the 


satellite  viewing  angle.  The  tornado  reports  tend  to 
be  located  to  the  west  or  southwest  of  the  coldest 
ten',.eratures,  in  an  area  of  large  gradient  of  T$b- 
Early  in  the  4 h period  (before  2000  GMT)  the  tornado 
reports  are  located  near  the  226  K Tea  isotherm, 
which  is  near,  but  inside,  the  upwind  cirrus  anvil 
edge.  Later,  after  the  doud  has  expanded  and  the 
anvil  edge  is  farther  from  the  cold  center,  the  tornado 
reports  are  located  more  distant  from  the  cloud  edge. 

8.  Example  comparison  of  a severe  and  non-severe 
case 

Two  adjacent  thunderstorm  elements  which  de- 
veloped in  southeast  Nebraska  at  about  the  same 
time  provide  an  excellent*  comparison  of  clouds  with 
and  without  accompannng  severe  weather.  The  dia- 
grams for  these  elements  (clouds  8 and  9>  are  shown 
in  Figs.  10  and  11,  respectively. 

Both  elements  reach  a temperature  of  226  R a little 
after  1800  GMT  and  continue  to  grow  to  higher 
heights  and  colder  temperatures  during  the  next  two 
hours.  However,  there  are  significant  differences  in 
the  rate  of  growth  and  the  final  temperature  reached. 
Cloud  9,  with  no  accompannng  severe  weather  reports, 
has  lower  values  of  normalized  growth  rate  .V"'d.V  dt 
and  an  associated  less  rapid  decrease  of  minimum 
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Fig.  10.  Thundemorm  growth  rate  diagram  for  cloud  d. 

temperature.  Its  eventual  coldest  temperature  is  212  K 
compared  to  209  K for  cloud  8.  Two  reports  of  hail 
aad  two  reports  of  high  wind  are  associated  with 
cloud  8.  The  first  pair  of  hail  and  wind  reports  occur 
near  the  end  of  the  period  of  rapid  growth ; the  second 
pair  happen  during  a relatively  stable  period.  This 
second  pair  may  be  due  to  a thunderstorm  growing 
rapidly  from  below,  but  hidden  by. the  already  high 
and  dense  cirrus  anvil  of  the  previous  cell  Finally, 
at  the  end  of  the  period  the  new  thunderstorm  pene- 
trates the  anvil  and  becomes  observable  as  the  209  K 
area  at  2015  GMT. 

The  comparison  of  cloud  elements  8 and  9 is  the 
best  available  of  those  analyzed.  These  two  clouds 
began  about  the  same  time,  lasted  a substantial 
amount  of  time  and  were  easily  defined.  Other  ele- 
ments were  sometimes  obscured  by  anvils  of  more 
rapidly  growing  storms  and  other  weak  elements  often 
became  undefined  in  a general  cirrostxatus  shield. 
In  general,  however,  the  strong  thunderstorms  are 
easily  observable. 

fi.  Results  for  ail  stones 

Results  from  the  analysis  of  39  thunderstorms  or 
thunderstorm  clusters  are  discussed  in  this  section. 
There  are  15  elements  associated  with  severe  weather 
and  24  with  no  reported  severe  weather.  In  the  area 
anuyzed  these  39  elements  are  all  the  clouds  defined 
as  growing  thunderstorms,  k few  other  elements  were 


defined  but  lasted  only  a short  time,  showed  minimal 
change,  and  no  severe  weather  reports  were  associated 
with  them. 

An  examination  of  the  thunderstorm  growth  dia- 
grams and  the  patterns  of  digital  data  gave  the  im- 
pression that  two  simple  characteristics  were  correlated 
with  the  occurrence  of  severe  weather.  These  charac- 
teristics are  minimum  cloud  top  temperature  and 
thunderstorm  growth  rate  as  given  by  the  normalized 
rate  of  cold  area  expansion. 

Fig.  12  displays  the  results  of  plotting  the  minimum 
temperature  during  an  element’s  lifetime  against 

the  thunderstorm  growth  rate.  The  dots  represent 
non-severe  cases,  while  T's  and  H’s  represent  tornadoes 
and  hail  respec  .ively.  The  following  procedure  was 
used  to  arrive  at  a single  value  of  .V"'rf.V  di  to  repre- 
sent each  element.  The  maximum  .V"‘d.V  dl  value, 
for  any  temperature  $226  R.  is  determined  by  ex- 
amining the  time  change  between  ,Y»>6  and  .V=«30 
for  each  temperature.  These  two  values  were  chosen 
so  that  the  rate  of  increase  is  for  relative!)  small 
areas,  but  that  there  are  enough  data  points  (6i  to 
establish  the  lower  threshold  without  being  affected 
severely  by  instrument  noise.  .A  few  elements  had  no 
curves  of  .V  lasting  from  .V»6  to  30,  so  the  parameter 
was  calculated  using  the  largest  range  available. 

.An  examination  of  Fig,  12  indicates  that  the  severe 
weather  elements  tend  to  have  cold  minimum  cloud 
top  temperatures  and  large  rates  of  growth.  .A  se.nes 
of  discriminant  analyses  (Panofsky  and  Brier.  1963' 
were  performed,  using  the  data  displayed  in  Fig.  12. 
Table  1 shows  the  results.  For  r„,„  by  itself  a severe. 


Fig.  11.  Thunderstorm  growth  nte  diazrim  ior  cloud  9 
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non-severe  dividing  line  of  212.8  K was  derived.  For 
temperatures  above  213  K only  one  out  of  12  elements 
had  severe  weather,  while  U out  of  27  with  tem- 
peratures colder  than  213  K had  associated  severe 
weather  reports.  For  ma.ximum  rate  of  growth  the 
derived  dividing  line  is  3.5X10^  s~‘  with  severe  and 
non-severe  events  distributed  around  that  value  as 
shown  in  the  table.  .A  combined  discriminant  analysis 
using  Tmn  and  S~'dX/dt  produced  the  results  shown 
in  the  last  row  in  the  table  and  by  the  diagonal  line 
in  Fig-  12.  Based  on  the  two  variable  discriminant 
analysis  a probability  of  detection  (POD)  equal  to  0.73 
was  calculated  along  with  a value  of  0.31  for  the 
false  alarm  rate  (F.AR)  and  0.55  for  the  critical  success 
inde.x  (CSI).  The  dehnition  of  these  variables  follows 
Donaldson  et  cd.  (1975).  There  are  five  elements  with 
associated  tornadoes,  and  their  relations  to  the  derived 
critical  values  are  given  by  the  fractions  in  piarentheses 
in  Table  1. 

Statistical  tests  were  also  performed  to  determine 
if  there  was  a significant  difference  between  the  means 
for  severe  thunderstorms  and  non-severe  thunder- 
storms. For  TmiB  the  mean  values  were  209.5  and 
212.3  K for  severe  and  non-severe  cases.  Using  a 
Mistribution  test,  the  difference  of  means  was  shown 
to  be  significant  at  the  5%  level,  with  the  value  of  t 
just  missing  the  value  for  the  1%  level.  For  S~'dX/dt 
the  means  were  4.5X10^  and  3.1X10“*  s“‘.  This  dif- 
ference of  means  also  is  significant  at  the  5%  level, 
again  barely  missing  the  1%  value. 

It  is  not  surprising  that  Tm,,  and  thunderstorm 


Tails  1.  Discriminant  analysis  summary  for  cloud  top  mini- 
mum temperature,  maximum  rate  of  (rowth,  and  the  two  variables 
combined.  The  parameter  L is  positive  for  predicted  severe 
weather. 
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growth  rate  (.V“‘d.Y  'df)  are  correlated  with  occur- 
rences of  severe  weather.  Both  parameters  are  obvious 
indicators  of  the  intensity  of  convection.  Colder  tem- 
peratures imply  higher  thunderstorm  heights,  which 
have  long  been  related  to  thunderstorm  severity 
through  radar  observations.  .All  39  elements  involved 
in  this  analysis  were  associated  with  vigorous  thunder- 
stornis.  The  very  weakest,  as  indicated  in  the  bottom, 
left-hand  corner  of  Fig.  12,  had  a minimum  tempera- 
ture of  219  K,  which  is  equivalent  to  a height  of 
11.1  km,  using  the  nearby  0000  GMT  7 May  Omaha 
sounding.  The  coldest  cloud  had  a temperature  of 
205  K,  or  a height  of  13.0  km.  The  0000  GMT  7 May 


Ftc.  12.  Relation  of  thunderstorm  rate  of  (rowth  (cold  area  expansion)  to  cloud 
top  minimum  teicperature  and  the  occurrence  of  severe  weather  for  all  39  thunder- 
storm elements  tn  ant’ysis  area.  T mdicatea  tornado  H representt  reported  hail. 


364 


ROBERT  F.  ADLER  AND  DOUGLAS  D.  FENN 


Tablc  2.  M«ditn  wamini  Ic4d  timt  for  «U 
eltffloau  with  Mvcre  weather. 


Criterion 

Number  of 

cun 

Median  value  of 
lead  time 
(min) 

r... 

14 

24 

U.V 
N 4i 

10 

27.5 

% 

Coenbiaed 

11 

7 

sounding  has  a minimum  temperature  of  206  K.  The 
tropopause  is  probably  located  at  222  mb  at  a tem- 
perature of  215  K,  although  there  is  another  sharp 
increase  in  static  stability  above  that,  at  a pressure 
of  168  mb  and  at  a minimum  temperature  of  206  K. 
Twelve  hours  earlier  the  Omaha  sounding  has  the 
tropopause  located  at  200  mb  and  213  K.  Farther 
south  along  the  area  studied  the  tropopause  tempera- 
ture was  also  in  the  vicinity  of  213  K.  At  Monett, 
Missouri,  the  tropopause  temperature  values  were  211 
and  215  K at  1800  GMT  6 May  and  0000  GMT 
7 May.  Thus  an  appro.ximate  tropopause  temperature 
for  this  region  on  ^is  day  was  213  K,  which  is  the 
threshold  temperature  in  the  discriminant  analysis 
discussed  earlier.  This  result  may  be  accidental,  but 
is  supported  by  similar  observations  by  Pryor  (19781. 
Additional  studies  are  needed  to  ascertain  the  rela- 
tions among  the  temperature  structure  and  tropopause 
height,  the  satellite-observed  cloud-top  temperatures 
and  storm  severity. 

The  thunderstorm  heights  estimated  from  the  satel- 
lite data  in  this  study  are  substantially  lower  than 
the  corresponding  radar  estimates.  .A  cursory  com- 
parison of  the  satellite-based  heights  with  the  radar- 
estimated  storm  tops  as  analyzed  on  the  National 
Weather  Se’n^ice's  radar  summary’  chart,  indicates 
a mean  2 km  underestimate  from  the  satellite 
information. 

The  reason  for  the  radar-satellite  differences  is 
probably  related  to  the  scale  of  the  observations  and 
the  limitations  of  the  satellite  data.  The  satellite- 
observed  cloud  top  temperatures  are  for  a larger 
horizontal  area.  The  instantaneous  held  of  view 
(IFOV)  of  the  satellite  IR  sensor  at  this  latitude  is 
approximately  9 km  on  a side.  The  radar  observations 
are  probably  representative  of  a smaller  region. 

The  satellite  data  are  also  limited  by  the  tempera- 
ture structure.  For  elements  of  the  size  with  which 
we  are  dealing,  the  cloud  top  probably  takes  on  a 
temperature  which  is  a combmation  of  updraft  tem- 
perature (from  the  moist  adiabat)  and  the  ambient 
air  at  that  altitude.  This  will  have  the  effect  of 
somewhat  limiting  the  greatest  indicated  height. 
Clouds  penetrating  into  the  lower  stratosphere  will 
have  their  height  underestimated. 

In  addition,  Negri  et  al.  (1976)  have  already  noted 


that  SMS  IR  temperatures  underestimate  thunder- 
storm height,  especially  for  small  elemenu.  They 
attribute  this  effect  to  inadequate  sensor  response 
when  going  from  a warm  to  a cold  target.  This  is 
also  a probable  contributor  to  the  radar-satellite  dif- 
ference noted  in  this  study.  Because  of  these  factors 
the  satellite-based  estimates  of  thunderstorm  height 
should  be  treated  cautiously,  although  relative  heights 
are  probably  valid. 

The  thunderstorm  growth  rate  parameter  X~'d\'/dl 
is  an  indicator  of  the  magnitude  of  the  upward  vertical 
velocity  and  the  upper  level  divergence.  The  relation 
of  these  three  variables  is  explored  in  the  next  section. 
One  interesting  point  from  Fig.  12  is  that  Tm,,  and 
.V“‘diV/dr  appear  to  be  almost  uncorrelated.  One 
would  expect  that  faster  growing  storms  would  pene- 
trate to  higher  heights  and  colder  temperatures,  and 
therefore  that  the  two  parameters  would  be  correlated. 
It  is  believed  that  this  lack  of  correlation  arises 
because  the  thunderstorm  elements  in  many  cases 
were  hidden  by  thick  cirrus  produced  b>-  other  con- 
vection and,  consequently,  could  not  be  monitored 
early  in  their  history  when  the  growth  rates  were 
most  likely  the  most  rapid.  By  the  time  the  element 
penetrates  the  cirrus  shield  and  growth  rates  can  be 
calculated,  the  rate  of  growth  has  slowed.  Such  ele- 
ments reaching  cold  temperatures,  howeve-,  are  repre- 
sented by  points  on  Fig.  12  with  low  temperatures 
and  low  growth  rates.  .Another  problem  -s  the  com- 
parison of  .V"‘d.V,  dt  values  irrespective  of  at  what 
temp>erature  or  height  they  are  calculated.  Thus 
values  of  X~'dX/dt  of  5X10~’  s"‘  calculated  at 
Taa^  220  K may  not  reflect  a.  large  a relative  velocity 
as  5X10“’  s"‘  at  210  K.  With  the  addition  of  more 
cases  these  types  of  refined  analysis  will  he  possible. 

The  parameters  calculated  appear  to  have  the 
potential  to  be  positive  contributors  to  a severe  storm 
warning  system.  To  test  what  type  of  warning  lead 
times  might  be  achieved,  the  following  calculations 
were  made.  Based  on  the  criteria  in  Table  1,  the  time 
difference  between  when  the  element  met  the  criterion 
and  the  time  of  the  first  report  of  severe  weather  was 
calculated  for  each  element  that  met  the  criterion. 
The  median  values  are  displayed  in  Table  2.  The 
median  lead  times  are  ^25  min  for  the  one-variable 
criteria,  but  only  7 min  for  the  combined  criterion. 


Tablz  i.  Median  warning  lead  time  for 
elements  with  tornadoes. 
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A second  calculetion  wu  made  using  the  drst  report 
of  tornadoes  only  and  the  results  are  shown  in  Table  3. 
The  median  lead  time  is  ^^30  min.  The  results  of 
Tables  2 and  3 point  out  that  the  parameters  cal- 
culable from  the  SMS  data  are  not  only  currelated 
with  reports  of  severe  weather,  but  usually  meet  the 
severe  thunderstorm  criteria  before  the  actual  severe 
weather  (hail,  tornadoes)  occurs. 

7.  Vertical  velocity  and  di  mergence  estimates 

a.  Inlerprelatim  of  .V~'d;V,  <f< 

The  parameter  chosen  in  this  study  to  indicate 
thunderstorm  rate  of  growth  is  the  areal  e.xpansion 
of  blackbody  temperature  isotherms  in  the  window 
channel  infrared  data.  This  parameter  has  been  chosen 
in  place  of  rate  of  temperature  change  because  many 
instances  arise  where  this  rate  is  diffiedt  to  calculate 
due  to  poor  temperature  resolution.  Figs.  7 and  8 are 
examples  of  this  situation.  The  calculated  values  of 
S~Hy/dt  also  appeared  to  be  relatively  independent 
of  the  temperature  or  height. 

If  a blackbody  temperature  isotherm  is  chosen  so 
that  it  nearly  coincides  with  the  edge  of  the  thunder- 
storm anvil,  normalized  expansion  of  the  area  within 
the  isotherm  is  a direct  measure  of  outflow  divergence. 
That  is, 

1 dA 

D (divergence)  , (2) 

A dt 

disregarding  any  dissipation  of  the  anvil  edge.  In  the 
present  study,  however,  the  isotherm  e.xpansions 
(N~'d\/dt)  calculated  were  usually  chosen  for  areas 
well  within  the  anvil  edge.  There  are  two  reasons  for 
this  choice.  First,  the  emphasis  here  is  on  sbtaining 
parameters  which  are  applicable  on  a spatial  scale  as 
close  as  possible  to  thunderstorm  scale.  This  is  why  the 
.V~‘<f,V/i/  values  in  Fig.  12  are  calculated  between 
.V»6  and  .V-30.  The  anvil  would  cover  an  area 
two  orders  of  magnitude  larger.  Second,  it  is  often 
difficult  to  define  an  anvil  edge  because  of  complex 
interactions  between  thunderstorms. 

The  calculations  of  X~'dX,'di  from  .V  — 6 to  .V«30 
are  applicable  to  an  area  of  about  15  km  on  a side 
and  definitely  do  not  represent  anvil  e.xpansion.  The 
results  of  this  section  will  show  that  vertical  velocity 
estimates  can  be  made  from  the  isotherm  e.xpansion 
values. 

The  interpretation  of  X"'dX'di  in  terms  of  vertical 
velocit>-  and  divergence  is  shown  schematically  in 
Fig.  13.  The  cross-sectional  or  side  view  in  upper 
part  of  the  diagram  shows  the  curved  surface  of  the 
cloud  top  at  two  times,  i\  and  /].  The  vertical  co- 
ordinate is  temperature.  The  emissivit>’  of  the  cloud 
top  is  assumed  to  be  unity.  This  should  be  a good 
ass>*mption  in  the  inner  part  of  the  thunderstorm  top 
where  this  analysis  applies.  From  times  l\  to  h the 


Fig.  13.  Schematic  views  ot  idealixed  cloud  top  at  two  dif- 
(ercBt  times.  Temperatures  are  indicated  by  Tt,  T,  and  T|. 
Solid  arrows  represent  actual  air  motion,  while  dashed  vecton 
represent  the  expansion  of  blackbody  temperature  isotherms, 
as  viewed  by  the  satellite. 

area  inside  the  T»  isotherm  e.xpands.  This  is  seen  by 
the  horizontal  dashed  arrows  in  the  upper  part  of 
the  figure  and  is  also  indicated  in  the  top  view  in  the 
lower  part  of  the  diagram.  This  areal  e.xpansion  is 
equivalent  to  the  X~'dX/di  which  is  measured  with 
the  uteilite  data. 

The  actual  flow  of  air,  however,  is  given  by  the 
solid  arrows  The  air  ascends  and  therefore  cools 
(moist  adiabatically)  and  is  somewhat  divergent.  If 
this  simple  schematic  diagram  is  basically  correct  then 
the  e.xpansion  of  cold  areas  as  denoted  by  X~‘dX/dt 
is  really  a combination  of  vertical  velocity  and  di- 
vergence effects. 

b.  Dtrivatim  of  tquoiwns 

The  relationships  of  X"'dX/dt,  divergence  and 
vertical  motion  can  be  shown  through  the  following 
derivation.  A point  on  the  cloud  surface  is  represented 
by  the  position  vector 

r-zi-fyj-l-sk,  (3) 

and  the  motion  of  the  pomt  is  given  by 

dt  dx  dy  dt 

— mV-— i-t— j-| — k.  (4) 

di  dt  dt  dt 

The  horizontal  motion  in  the  x direction  (Fig.  13a  is 
in  the  c-i  plane)  of  a point  on  the  cloud  surface  is 
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m 


givtn  by 


W' 


dx  dx 
dl  it 


dx 

+»— 

• dt 


(5) 


when  dx/dtj,  is  the  horisontsl  movement  of  the  cloud 
edge  at  a particular  altitude  or  temperature.  In  F>  r 1 Ja 
this  is  represented  by  the  horizontal,  dashed  vector. 
The  term  dx/dtl,  is  the  slope  of  the  cloud  surface. 
Differentiating  Eq.  (5)  with  respect  to  x and  adding 
the  result  to  a similar  expression  for  t differentiated 
with  req>ect  to  y results  in 


is  derived.  Eq.  (10)  states  the  relation  among  di- 
vergence, isotherm  expansion,  and  vertical  velocity. 
As  will  be  shown,  divergence  is  small  compared  to 
the  other  terms.  Tlie  parameter  s is  large  when  the 
cloud  has  steep  slopes  and  small  when  the  slope  is 
shallow.  An  expression  for  s,  which  can  be  used  with 
SMS/GOES  IR  data,  is  derived  in  the  next  section. 
Although  not  used  in  this  study,  information  from 
the  higher  resolution  visible  channel  could  be  used 
to  help  infer  cloud  top  shape  during  daylight  hours, 
especially  near  sunrise  apd  suiuet. 


dn  dv  d /dx  \ d /dy  \ dr 

— i- — — )+»Vi — , (6) 

dx  dy  d»\d<  J dy\dt  J dt 


if  w is  assumed  to  be  constant  in  the  horizontal. 
The  left-hand  side  of  Eq.  (6)  is  the  horizontal  di- 
vergence D and  the  sum  of  the  first  and  second  terms 
on  the  right  side  is  equivalent  to  the  rate  of  isotherm 
expansion  and  the  sum  is  eqi<al  to  S~^dN/di.  Therefore 
£q.  (6)  can  be  expressed  u 


D- 


l d!f 

— f. 

AT  dt 


(7) 


The  second  term  on  the  right  side  of  Eq.  (7)  is 
a product  of  the  vertical  velocity  and  a (Uvergence 
te.-..<  which  is  a function  of  the  slope  of  the  cloud 
Kirtace.  By  incorporating  a vertical  lapse  rate  into 
the  expression,  the  vertical  coordinate  is  shifted  to 
temperature  in  Eq.  (8) : 


Information  about  the  shape  of  the  cloud  top  can  be 
inferred  from  the  setellite  data,  by  determining  the 
area  encompassed  by  the  then  coldest  isotherm  when 
the  next,  still  colder  isotherm  appean.  If  the  area 
of  the  first  isotherm  is  large  the  ^ope  is  small  and  if 
the  area  is  small,  this  implies  a relatively  steep  slope. 

By  defining  a shape  parameter  r,  such  that 


one  modifies  Eq.  (8)  to  become 


IdN  ^ dT\ 


(W) 


Using  Eq.  (1)  to  substitute  into  Eq.  (14)  a useful 
alternate  e.xpression. 


Dm 


\ dS  \dT 
Nltslt’ 


(11) 


e.  FonmUalion  for  parameter  s 

Infoimation  concerning  the  shape  of  the  cloud  top 
and  therefore  the  shape  parameter  s can  be  determined 
from  the  satellite  IR  data.  The  term  in  Eq.  (9)  is 
first  expanded  to  obtain 


Assuming  symmetrx’  in  the  two  directions  results  in 


The  slope  dx  'dT  is  appro.ximated  by 
dx  {iV.t 
dT  2at' 


(13) 


(H) 


where  f is  the  length  represented  by  each  satellite 
data  point  or  pixel  and  .V.  the  number  of  dau  points 
at  Ti  when  the  next  coldest  temperature  To  first 
appears.  The  expression  assumes  a square  area.  There- 
fore (.V.V2  L<  an  estimate  of  the  distance  from  the 
center  of  the  isotherm  area  to  the  edge  of  the  area. 
Divided  by  AT  this  produces  an  estimate  of  the  slope 
in  Eq.  (14).  The  term  AT  is  not  always  1 K but  is 
often  approximated  by  1.2  or  1.3  K because  of  the 
temperature  void  problem  mentioned  in  Section  3. 

The  finite  difference  approximation  for  Eq.  (13) 
is  simply 


d/dx\  (dx/dr)i-(dx/dr); 

2-4  — )- 2 , (15) 

dx\dr/  Ax 

where  the  derivatives  at  positions  1 and  2 are  the 
slopes  at  opposite  sides  of  the  cloud  top,  and  Ax  is 
the  width  of  the  area  enclosed  by  the  isotherm.  .As- 
suming they  are  equal  in  magnitude  and  opposite  in 
sign  and  substituting  Eq.  (14)  for  the  slope  gives 


Because  the  calculations  to  follow  are  for  areas  of 
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the  size  of  to  .V^so  satellite  data  points,  an 
intermediate  value  of  .Y<"16  was  chosen  as  an  ap- 
propriate size  for  the  application  of  these  formulu. 
Therefore,  ^ in  £q.  (16)  is  assigned  a value  of  Vl6{ 
or  4{.  Thus 

dr  $ /dx  \ AT.* 

V, — _2^— )- . (17) 

dT  dx\3T/  2AT 

A number  of  assumptions  and  approxi.nations  were 
needed  to  arrive  at  £q.  (17).  A preUminary  set  of 
calculations  using  £q.  (11)  with  s equa'  to  the  inverse 
of  y^^/21T  from  Eq.  (17)  resulted  in  an  average 
value  of  divergence  D unrealistically  small  (5X 10  **  s"‘). 
The  calculations  also  indicated  that  because  D was 
the  small  difference  between  the  two  relatively  large 
values  [see  £q.  (11,  j,  a small  bias  in  s could  drasti- 
cally change  the  results  for  divergence.  Therefore,  the 
parameter  s is  defined  as 


2AT 


where  a is  a constant  to  be  determined  empirically 
through  an  analysis  of  Eq.  (11). 

The  value  for  a was  determined  in  the  following 
manner.  The  terms  S~'dS/dl  and  dT/  dt  in  £q.  (11) 
could  both  be  calculated  from  the  satellite  data  in 
a limited  number  of  cases.  Thirty-eight  sets  of  vari- 
ables were  available  for  19  elements.  The  parameter  s 
could  also  be  calculated  for  these  38  cases  from 
£q.  (18),  at  least  in  terms  of  «.  The  average  diver- 
gence 0 in  £q.  (11)  was  calculated  using  the  con- 
tinuity equation  for  an  incompressible  fluid. 


(flatter  tops)  predominating  at  lower  temperatures 
(higher  heights),  as  e.\pected.  The  fitted  curve  was 
determined  by  first  dividing  the  data  set  into  five 
approximately  interval-equal  groups  based  on  tem- 
perature. Average  s and  temperature  were  calculated 
for  each  temperature  interval  and  the  linear  regression 
curve  wu  based  on  these  five  average  points.  This 
regression  approach  was  adopted  to  r^uce  the  effect 
of  the  relatively  large  number  of  poinu  in  the  center 
region  of  the  temperature  range. 

d.  Cakulation  of  vertical  velocity 

In  £q.  (10),  divergence  is  small  compared  to  the 
other  two  terms,  and  tc  a rough  approximation  can 
be  ignored  to  allow  a dir  ct  relation  between  w and 
X~'dy/dt.  However,  the  effects  of  divergence  in 
£q.  (10)  can  be  partially  taken  into  account  by 
noting  that,  in  the  38  cases  previously  e.xamined  where 
we  estimate  all  of  the  terms  in  Eq.  (10),  D and 
S~^dS/dt  appea>‘ed  to  be  correlated.  This  is  reason- 
able since  D is  the  horizontal  expansion  rate  of  a 
physical  area  and  S~'dy,  dt  is  the  expansion  rate  of 
area  within  Tea  isotherms.  Thus  D can  be  approxi- 
mated bv 

1 dN 

D-d , (22) 

iV  dl 

where  d is  set  at  0.15,  bas<*d  on  the  average  values 
for  D and  N~'dy/dl  for  the  38  cases.  Substituting 
Eq.  (22)  into  Eq.  (10)  and  solving  for  w results  in 

0.85r  1 dX 

w- . (23) 

(-dT/dt)  N dl 


, V*'/ 

dt 

and  a composite  w profile  derived  from  the  38  cases 
using  Eq.  (1).  The  resulting  5 is  0 5X10~*  s“‘.  The 
mean  value  for  .V“‘d.V  dt  over  the  38  cases  is  3.4 
XIO^  s“‘.  For  :~'dT  dt  the  average  magnitude  is 
(3.4X1(7^)  a,  where  a is  the  proportionality  constaist 
from  Eq.  (18).  Using  these  average  values  to  substitute 
into  Eq.  (11)  results  in 


3.4 

0.5 -3.4 , 

(20) 

a 

3.4 

a — -1.2. 

(21) 

2.9 

With  a set  equal  to  1.2,  the  shape  parameter  s can 
he  calculated  from  satellite  data  from  Eq.  (18)  in 
some  cases.  Fig.  14  displays  the  distribution  of  r as  a 
function  of  temperature  for  the  38  cases.  The  values 
span  an  order  of  magnitude  with  smaller  values 


Eq.  (23)  provides  a quick  method  of  estimating 
vertical  velocity  even  where  there  are  no  rapid  de- 
creases in  temperature,  or  where  an  element  can  only 
be  viewed  for  a short  time. 

Calculations  of  w using  Eq.  (23)  are  made  for  each 
of  the  39  elements  at  particular  temperatures.  \ lapse 
rate  midway  between  a smoothed  ambient  sounding 
and  a constant  (9  K lcm~-)  moist  adiabatic  rate  is 
used.  The  t values  are  selected  from  the  fitted  curve 
in  Fig.  14  for  the  various  temperatures.  For  tempera- 
tures ^ T laia  a w of  zero  is  assigned.  The  calculated 
w values  are  then  averaged  for  the  severe  and  non- 
severe  elements  and  displayed  in  Fig.  ' r The  curves 
are  fitted  subjectively. 

The  mean  w for  the  severe  elements  is  over  2.3  m s“‘ 
at  226  K or  10  km  and  decreases  rapidly  with  height, 
'ihe  non-severe  elements  have  nearly  a factor  of  2 
smaller  verrical  velocitv  ilues.  Divergence  values 
calculated  for  the  two  .ves  from  10-12  km  using 
the  continuity  equati'  are  l.OX  10"’  and  5. OX  10"^  s"' 
for  the  severe  and  non-severe  elemenu,  respectiveh-. 

These  vertical  velocity  and  divergence  estimates  are 
reasonable  when  it  is  recognized  they  are  applicable 
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Fic.  U.  Cloud  top  th«pc  panuncter  i u calculated  using 
Eq.  (18'  a*  a (unction  of  temperature.  The  38  points  are  from 
19  elements. 

to  areas  ^ IS  km  in  a side.  Vertical  velocity  estimates 
are  ver>’  Kale-dependent,  and  it  is  difficult  to  find 
values  applicable  on  a sc,»le  equal  to  that  determined 
from  the  satellite  data.  Cloud  top  vertical  velocities 
estimated  from  aircraft  observations  and  radar  data 
provide  at  least  a starting  point.  Observing  penetrating 
or  overshooting  domes  from  aircraft  produces  vertical 
velocity  estimates  of  the  order  of  1 m s~‘.  For  e.xample, 
Uroenhofer  (19751  calculates  the  ascent  of  an  over- 
shooting dome  to  be  appro.ximately  2 m s“‘  over  a 
5 min  period  before  the  Ethel,  Te.xas,  tornado  of 
14  May  1974  and  ShenW  (1974)  shows  another  example 
with  a tt’  of  about  3 m s"‘.  .According  to  Shenk  the 


mean  diameter  of  the  overshooting  domes  is  appro.xi- 
mately 5.5  km  which  corresponds  to  a circular  area 
of  24  km*.  This  area  is  an  order  of  magnitude  smaller 
than  the  appropriate  satellite  area  of  15-  or  225  kmA 
An  example  of  w determined  from  radar  top  aKent 
can  be  determined  from  Burgess  and  Lemon  (1976; 
see  their  Fig.  5.6).  Prior  to  the  Union  City,  Oklahoma, 
tornado,  the  supercell  top  aKended  at  -^3  m s“'.  This 
velocity  is  applicable  to  an  area  about  1-2  km  on 
a side. 

From  the  preceding  comparisons  it  is  obvious  that 
the  vertical  velocities  at  cloud  top  derived  in  this 
paper  are  smaller  than  those  derived  from  other 
sources,  but  because  they  are  applicable  to  an  area 
much  larger,  they  are  still  reasonable.  Closer  com- 
parison between  the  satellite  information  and  radar, 
aircraft  or  other  observations  is  necessary  for  full 
validation. 

8.  Conclusions 

Digital  infrared  data  from  a geosynchronous  satellite 
(SMS  21  have  been  used  to  study  thunderstorm  growth 
rates  on  6 May  1975  in  relation  to  the  occurrence  of 
tornadoes  and  other  severe  weather.  Areal  expansions 
of  cold  areas,  delineated  by  biackbodv-  temperature 
isotherms,  are  shown  to  be  useful  in  monitoring 
thunderstorm  growth  rates,  even  when  there  is  mini- 
mal decrease  with  time  of  the  lowest  cloud  top 
temperature. 

•An  examination  of  five  cloud  elements  having  eight 
tornadoes  clearly  associated  with  them  indicates  that 
in  seven  of  the  eight  cases  the  first  report  of  the  tornado 
took  place  i"irlng,  or  just  after,  a rapid  expansion 
of  cold  areas  indicating  rapid  aKent  to  the  thunder- 
storm top  on  the  Kale  observed  by  the  satellite.  The 
rate  of  ascent  is  estimated  to  be  appro.ximately  0.4  m 
averaged  over  an  area  of  about  15  km  on  a side. 


VIRTICAL  VELOemr,  Wfm.-') 

Fic.  15.  .Mean  vertical  veloaty  and  divergence  tor  severe  and 
noD-sevete  thuadentorm  elements. 
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Thirty-nine  thunderstorm  elements  in  the  analysis 
area  were  compared  in  relation  to  various  parameters 
derived  from  the  utellite  data  and  the  .occurrence  of 
severe  weather.  Although  the  ground  truth  used  for 
defining  the  occurrence  of  severe  weather  may  have 
errors,  in  this  study  two  satellite-based  variables  are 
correlated  with  tornadoes  and  hail.  These  variables 
are  the  minimum  cloud  top  temperature  during  the 
lifetime  of  the  element  and  the  logarithmic  rate  of 
increase  of  cloud  top  cold  area. 

The  severe  thunderstorm  .ements  tend  to  be  colder 
in  terms  of  blackbody  tei.  perature  and  grow  more 
rapidly  than  non-severe  elements.  For  ^th  variables 
the  frequency  distributions  for  severe  and  for  non- 
severe  elements  were  shown  to  be  significantly  dif- 
ferent. A discriminant  analysis  using  bo'h  variables 
showed  that  on  one  side  of  the  discrimination  boundary 
four  out  of  23  cases  had  severe  weather,  while  on  the 
cold  temperature,  fast  growth  rate  side  11  out  of 
16  elemenu  had  reported  severe  weather.  Therefore, 
based  on  this  limited,  dependent  sample,  these  pa- 
rameters, which  are  indicative  of  intense  convection, 
are  correlated  with  severe  weather  on  the  ground. 
A potential  warning  lead  time  of  30  min  was  .stimatea 
by  comparing  times  of  severe  weather  reports  and 
times  the  satellite  information  met  the  deriv^  criteria. 

Equations  were  derived  relating  the  areal  e.xpatuion 
of  blackbody  temperature  Isotherms  to  vertical  ve- 
locity and  divergence.  Mean  vertical  velocity  profiles 
were  calculated  for  severe  and  non-severe  elerr.ents, 
with  the  results  showing  that  the  severe  elements 
have  a mean  vertical  velocity  twice  as  large  u the 
non-severe  elements.  The  technique  developed  allows 
vertical  velocities  and  divergence  to  be  calculated 
from  the  satellite  data  on  a horizontal  spatial  scale 
approaching  that  of  individual  thunderstorms.  Infor- 
mation such  as  this  will  be  useful  in  future  work  on 
tornado  cloud  top  comparisons,  further  comparison 
of  severe  and  non-severe  elements,  and  for  com- 
parison with  and  verification  of  various  types  of 
cumulus  models. 

In  summary,  convection  intensity  information  de- 
rived with  short  interval  (~5  min)  infrared  digital 
data  from  a geosynchronous  satellite  can  be  statis- 
tically related  to  severe  weather  reports  on  the  ground. 
Reasonable  vertical  velocity  and  ^vergence  estimates 
can  also  be  made  from  the  data.  The  satellite  data 
and  the  techniques  developed  have  the  potential  to 
be  a part  of  a severe  thunderstorm  detection  and 
momtoring  system. 
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DIGITAL  CI.OUD  STEREOGRAPHY  FROM  GEOSTATIONARY  ORBIT 


J.  T.  Dalton,  M.  L.  desJurdins, 
A.  F.  Hasier  and  K.  A.  Minzner 

NASA/Goddard  Space  Fli^.iL  Center 
Greenbelt,  Maryland,  USA 


SUMMARY 


It  has  been  detr.ons traced  that  geostation^iry  satellite  itna[,ery  provides  an  ■ 
effective  means  of  extracting  two-dimensional  cloud  motion  wind  me,»surements  at 
fr.vjucn:  intervals  ever  large  areas.  The  addition  of  cloud  height  information 
can  yield  \ind  fields  in  three  dimension.!.  This  paper  discusses  the  methodology 
of  extracting  three- dimensional  cloud  motion  measurements  from  stereo  digital 
iin„f’cry  acquired  a»-  geostationary  orbit.  Accv.'racy  of  the  technique  is  considered, 
and  future  enhancement.':  and  af ''lications  i.re  explored. 
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PREDICTING  TROnCAL  CYCLONE  INTENSITY  USING 
SATELLITE  MEASURED  EQUIVALENT  BLACKBODY 
TEMPERATURES  OF  CLOUD  TOPS 

R Cedi  Gentry* 

Edward  Rodgers** 

Joseph  Steranka* 

Williain  E.  Shenk** 

ABSTRACT 

A recession  technique  has  been  developed  to  forecast  24-hour  changes  of  the  maxi- 
num  winds  for  weak  (maximum  winds  £ 65 kt)  and  strong  (maximum  winds  > 65kt) 
tropical  cydones  by  utilizing  satellite  measured  equivalent  blackbody  temperatures  (T^b) 
around  the  storm  alone  and  together  with  the  changes  in  maximum  winds  during  the  pre- 
ceding  24  hours  and  the  current  maximum  winds.  Independent  testing  of  these  regression 
equatioiu  diowed  that  the  mean  errors  made  by  the  equations  are  lower  than  the  errors  in 
forecasts  made  by  the  persistenoe  techniques. 


*G«wraI  Efectiic  S|»oe  DMnoa  (MATSCO),  Beltiville,  Muytand  20705 

•*UbonttMy  for  Atmospheric  Science  (CLAS)  NASA/CSSFC.  Gieenbelt.  Maiyhnd  20771 
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Paper  No.  12 


roUR  DIMENSIONAL  OBSERVATIONS  OF  CLOUDS  FROM  GEOSYN- 
CHRONOUS ORBIT  USING  STEREO  DISPLAY  AND  MEASURBiENT 
TECHNIQUES  ON  AN  INTERACTIVE  INFORMATION  PROCESSING  SYSTBI 


A.  F.  Halier,  M.  daeiardins,  W.  E.  Shank,  Goddant  Span  flight  Cantar. 
Graanbalt.  Maryland 


ABSTRACT 

Simultaneous  Geosynchronous  Operational  Environmental  Satellite 
(GOES)  I km  resolution  visible  itiuige  pairs  can  provide  quantitative 
three  dimensional  measurements  of  clouds.  These  data  have  great 
potential  for  severe  storms  research  and  as  a bask  parameter  mea- 
surement source  for  other  areas  of  meteorology  (e.g.  dimateV  These 
stereo  cloud  height  measurements  are  not  subject  to  the  errors  and 
ambiguities  caused  by  unknown  doud  emissivity  and  temperature 
profiles  that  are  assodated  with  infrared  techniques.  Previous  work 
by  Mmzner  et  al.  (1 978a)  has  demonstrated  the  validity  of  stereo 
measurements  from  geostationary  satellites  using  techniques  based 
on  conventional  analogue  stereography.  This  effort  describes  the 
display  and  measurement  of  stereo  data  using  digital  processing 
techniques . 

Computer  remapping  of  digital  GOES  image  pain  allows  the  inter- 
active display  (on  the  Atmospheric  and  Oceanographk  Information 
Processing  System.  AOIPS)  of  time  sequences  of  stereo  images  a 
true  four  dimensional  representation  ot  doud  structures.  A des- 
cription of  similar  work  at  the  University  of  '’•'.jconsin  is  given  by 
Bryson  (1978).  Interactive  manual  and  semi-automatic  height  mea- 
suring techniques  have  also  been  developed  on  AOIPS.  Capabilities 
under  development  include  I ) measurement  of  multilevel  wind 
fields  with  accurate  height  assignment;  2)  estimation  of  thunder- 
storm intensity  from  horizontal  and  vertical  doud  growth  rates,  and 
3)  measurement  of  four  dimensional  cloud  structure  for  comparison 
wit  h numerical  models  and  radar  observations.  Stereo  height  verifi- 
cation and  error  analyses  were  conducted  using  computer  crosscor- 
relation  on  AOIPS.  Accuracies  of  ±0.5  km  apnear  to  be  possible 
for  geographical  features  and  douds  with  precisions  (relative  accura- 
cies) approaching  tO.  I km. 
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in  Situ  Aircraft  Verification  of  the  Quality  of  Satellite  Cloud 
Winds  over  Oceanic  Regions 

A.  F.  HASua,  W.  C.  Srillman  and  W.  E.  Shenk 
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J.  Stekanka 
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(Maouscript  nccivad  23  March  1979.  ia  Anal  Conn  4 Au|uat  1979) 

ABSTRACT 

A 3-yaar  airciaft  axpariaiam  to  verify  the  quality  of  tatellite  cloud  winda  over  oceans  ustnt  in  situ 
aircraft  Inenial  Navigation  System  wind  measurements  has  been  completed.  The  Anal  tesuhs  show  that 
satellite  measured  cumidus  cloud  motions  are  ve.y  good  estimaton  of  the  cloud>base  wind 
(900-930  mb)  far  trade  wind  and  subtropical  hiahreaioos.  The  average  magnitude  of  the  vector  diffcryes 
between  the  cloud  motioo  and  the  clouiMmse  wind  ranged  from  0.9  to  1.7  m s~'  (0.9  m t~‘  < |V,m« 
- Vce«|  < 1.7  m s'‘]*  For  cumulus  clouds  near  frontal  regions,  the  cloud  motion  agreed  best  with  the 
mean  cloud  layer  wind  V^,  (IV^^,  - - 2.3  m s*'].  For  a vwy  limit^  sample,  cirrus  cloud 

motioM  also  most  closriy  foUOwed  the  mean  wind  in  the  cloud  layer  “ vw.t*!  * 1'^  ■»  *~'l- 


1.  Introducthm 

A global  system  of  five  geosynchronous  satellites 
is  now  in  place.  Currently  it  consists  of  the  United 
States  SMS/GOES  satellites  located  at  75*W,  I3rw 
and  fiO'E  longitude:  the  European  Meteosat  at  0* 
longitude  and  the  Japanese  CMS  at  140*E  longitude. 
This  system  is  likely  to  be  permanent  except  that  the 
U.S  satellite  at  60*E  will  be  replaced  by  the  Indian 
Insat  in  19B1.  One  of  the  prime  objectives  of  this 
system  is  to  provide  winds  from  cloud  motions 
around  the  globe  at  low  and  middle  latitudes  for 
improved  numerical  weather  forecasting.  Many 
researchers,  including  Fujita  et  al.  (1969).  Hasler 
(1972).  Smith  and  Hasler  (1976).  Suchman  et  al. 
(1977).  Rodgers  et  al.  (1979)  and  Peslen  (1979),  have 
shown  that  wind  fields  from  satellite  cloud  motions 
provide  good  coverage  for  a wide  variety  of  atmos- 
pheric phenomena.  They  have  also  demonstrated 
that  cloud  wind  analyses  give  reasonable  descrip- 
tions of  phenomena  which  are  consistent  with 
accepted  theories. 

The  American.  European  and  Japanese  meteoro- 
logical agencies  are  providing  satellite-derived  cloud 
winds  at  least  twice  a day  on  an  operational  basis. 

In  view  of  this  wide  use  of  satellite-derived  cloud 
winds  and  the  associated  high  expenditure  of  re- 
sources it  is  imperative  that  their  quality  be  vali- 
dated. Except  for  the  recent  research  work  by 
Rodgers  et  aL  (1979)  and  Peslen  (1979)  and  others 
with  special  short  time  interval  images  almost  all 


satellite  cloud  winds  for  research  and  operations 
have  been  determined  from  images  at  30  min  inter- 
vals. with  horizontal  resolutions  ranging  from  2 to 
8 km. 

According  to  Malkus  (1949)  small  cumulus  clouds 
would  move  at  the  ambient  wind  velocity  in  the 
absence  of  vertical  shear  of  the  horizontal  wind. 
When  vertical  shear  is  present  Malkus  found  that  the 
cumulus  cloud  will  move  with  a velocity  that  is 
primarily  a frinction  of  the  cloud-base  wind  and  the 
magnitude  of  the  shear.  However,  the  30  min  geo- 
synchronous satellite  observation  interval  would 
not  temporally  resolve  the  individual  cumulus  cloud 
elements.  Therefore,  with  the  30  min  interval,  the 
satellite  is  only  able  to  follow  the  history  of  an 
ensemble  of  cumulus  cells,  a small  mesoscale  feature 
with  a horizontal  dimension  of  not  usually  less  than 
10  km.  Telford  and  Wagner  ( 1974)  and  in  more  recent 
unpublished  work  have  concluded  that  the  growth 
and  decay  of.  small  cumuli  are  linked  with  the  air 
movement  at  the  heat  and  moisture  source  below  the 
cloud.  Thus  it  is  reasonable  to  expect  satellite- 
observed  cumulus  to  move  closest  to  the  cloud-base 
wind  or  the  wind  below  cloud  base.  Hasler  et  al. 
(1976)  have  presented  high-resolution  aerial  photog- 
raphy taken  as  frequently  as  once  every  7 min  which 
show  that  the  lifetimes  of  individual  cells  are  short, 
but  that  cumulus  ensembles  can  maintain  a recog- 
nizable pattern  for  well  over  an  hour.  The  cross 
section  in  Fig.  I illustrates  conceptually  the  evolu- 
tion of  a part  of  a typical  cumulus  ensemble  in  a 
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Fio.  1.  Coacepdiai  model  of  tbt  moiioa  of  a typical  curnUus  cloiid  tntomble  in  a vertical  wind  iltaar  eaviroiunent 

aa  viewed  by  a peotyaebroaoua  satellite. 


vertical  wind  shear  environment.  Individual  cumu- 
lus cells  continue  to  be  generated,  probably  at  the 
location  of  maximum  small-scale  convergence  near 
the  original  center  of  activity  which  is  being  trans- 
ported with  the  wind  at  cloud  base.  The  tops  of  the 
towers  are  repeatedly  separated  from  the  convection 
center  because  of  the  vertical  wind  shear. 

Following  the  arguments  of  Malleus,  detached 
passive  cirrus  cloud  elements  would  be  expected  to 
move  with  the  ambient  wind  in  the  absence  of  sub- 
stantial vertical  motion.  Active  cirrus  clouds  with 
upward  vertical  motion  should.  Idee  the  cumulus, 
have  velocities  which  are  a ftinction  of  the  cloud- 
base  wind  and  the  vertical  shear.  For  cirrus,  how- 
ever. cloud  lifetimes  can  often  be  resolved  by  the  30 
min  satellite  observations. 

There  are  some  clouds  which  should  not  have  a 
useftil  relationship  to  the  ambient  flow.  Orographic 
clouds  tend  to  be  stationary  and  clouds  caused  by 
gravity  waves  tend  to  move  with  the  wave  phase 
velocity  and  neither  would  be  good  estimaton  of  the 
ambient  wind.  Studies  using  radar  (Battan.  1973) 
show  that  cumulonimbus  clouds  move  with  a ve- 
locity which  is  a ftinction  of  the  integrated  wind 
through  most  of  the  troposphere. 

Comparisons  of  satellite  cloud  motions  and  wind 
evaluatioos  using  rawinsondes  have  been  performed 
by  Fitiitaer  al.  (1969),  Hubert  and  Whitney  (1971), 
Hasler  (1972),  Fyjito  et  al.  (197S),  Bauer  (1976), 
Suchman  and  Martin  (1976)  and  Hubert.'  Hubert's 
latest  study  best  characterizes  this  type  of  evalua- 
tion. He  finds,  for  low  cloud  motions  derived  from 
the  NOAA/NESS  operational  system,  that  the 
median  magnitude  of  the  vector  difference  ftom  900 
mb  rawinsonde  wtnds  is  2.6  m s~'.  while  68%  of  the 


' Kuban,  L.  F.,  1976:  Wind  dattnainatiott  from  gaosutionary 
taiallka*.  Aor.  Symp.  Mtttorvlopeoi  ObstryatioKs  from  Spact; 
Their  ceiuribmiioe  to  the  First  Garp  Giobai  Experiment. 
COSFAR,  ICSU,  Naoooal  Camar  for  Aimoapbanc  Rasaarch. 
Bouldar.  211-213.  [AvailaMa  from  .Naiioaai  Cantar  for  .Atmot- 
pharK  Raaearch.  Bouidar  CO  N303.) 


differences  are  less  than  4.0  m s~'.  For  cirrus  cloud 
motions  the  median  magnitude  of  the  vector  dif- 
ference ftom  rawinsonde  winds  at  the  assigned  level 
is  5.7  m s~'  and  68%  of  the  differences  are  less  than 
8.0  m s~'.  This  type  of  comparison  is  limited  by 
large  time  and  space  differences  between  the  otn 
servations.  In  Hubert's  work,  for  example,  the  time 
differences  are  up  to  3 h,  and  the  horizontal  space 
differences  are  up  to  300  kra.  Errors  in  height  assign- 
ment, particularly  for  cirrus  clouds,  are  likely  to 
account  for  a large  portion  of  the  differences. 

Telford  and  Wi^er  (1974)  have  done  limited 
comparisons  of  aircraft-measured  cloud  motions 
with  in  situ  aircraft  winds  over  land.  For  three 
cumulus  clouds  Wagner  and  Telford’s  data  from 
more  recent  unpublished  work  show  that  the  mag- 
nitude of  the  vector  difference  between  the  cloud 
motion  and  the  wind  below  cloud  base  was  - 1 .0  m s~‘. 

The  technique  used  in  this  study  was  a comparison 
of  cloud  motions  measured  by  satellite  and  aircraft 
with  aircraft  wind  measurements  that  were  coin- 
cident in  time  and  space  (Hasler  et  al.,  1976, 
1977).  The  results  ftom  the  ^year  experiment  are 
for  undisturbed  to  moderately  disturbed  oceanic 
weather  regimes.  The  experiment  was  conducted  in 
five  phases  where  a total  of  77  cloud  motion  meas- 
urements were  compared  with  the  ambient  winds. 
The  preliminary  results  from  the  first  three  phases 
have  been  reported  by  Hasler  era/.  (1976, 197^.  The 
locations  and  meteorological  conditions  of  the  five 
phases  of  the  experiment  are  summarized  in  Fig.  2 
and  Table  1.  In  Phase  I,  small  sample  of  cumulus 
clouds  (6)  and  one  cirrus  cloud  were  tracked  by  the 
NCAR  Sabreliner  in  December  1972  in  the  north- 
west Caribbean  under  conditions  of  moderate  winds 
and  vertical  wind  shear. 

Phase  II  of  the  experiment  was  flown  in  April  1974 
in  the  southwest  Caribbean  near  Panama.  Nineteen 
low-levei  clouds  were  tracked  by  the  NASA  C-130 
and  NCAR  Sabreliner  under  m^erate  trade  wind 
conditions,  while  four  additional  cirrus  clouds  were 
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Fig.  2.  Locatiou  for  tht  five  phases  of  an  cxpanncni  for  the  it  situ  venfleation  of 
saitUiia  cloud  winds  usiat  airenft. 


tracked  by  the  Sabreliner.  Phase  III  was  conducted 
ia  July  1974  in  the  Gulf  of  Mexico  under  light  wind 
and  shear  conditions  where  15  low  clouds  were 
tracked.  Phase  IV  was  accomplished  in  January  and 
February  1976  in  the  northwestern  Atlantic  during 
high  wind  frontal  weather  situations  near  Bermuda 
which  resulted  in  25  additional  cloud  tracking  cases. 
Phase  V of  the  experiment  tracked  1 1 more  clouds 
during  February  1977  in  the  northeastern  Atlantic 
under  the  high  wind  suppressed  convection  condi-' 
tions  in  the  Azores  subtropical  high. 

As  an  illustration  of  the  type  of  clouds  tracked  in 
this  experiment,  the  OMSP  high-resolution  (600  m) 
visible  satellite  image  in  Fig.  3 shows  a typical  field 


of  cumulus  clouds  from  which  a wind  tracer  was 
selected  in  the  Phase  II  tracking  area  north  of  Pan- 
ama. Most  of  the  clouds  inside  the  dashed  line  can  be 
seen  in  the  900  m resolution  SMS/GOES  images  and 
a large  fraction  have  lifetimes  of  30  min  or  longer 
which  was  required  in  this  experiment  and  would 
serve  as  good  wind  tracers. 

2.  Techniques 

The  basic  objective  of  the  experiment  is  to  meas- 
ure cloud  motions  from  geosynchronous  satellite 
image  sequences  and  to  simultaneously  determine 
the  wind  field  of  the  cloud  environment  with  an 


Tails  I.  Ostes.  locations  and  conditions  for  the  flve  phases  of  an  eapenment  for  the  m situ  venfleation  of  cloud  winds 


Phase 

Date 

Locauon 

Weather  regimt 

.Averaae  low-level 
wind  speed 

I 

December  1972 

NW  Canbbean 

trade  wind 

moderate  12  ms*' 

II 

Apnl  1974 

SW  Canbbcin 

trade  wind' 

moderate  10  m s*' 

lit 

July  1974 

Gulf  of  Mexico 

trade  wind 

lifht  3 m s*' 

IV 

Jan. -Feb.  1976 

NW  .Atlantic 

flontai 

high  17  m s*' 

V 

February  1977 

NE  Atlantic 

subtropical  hish 

high  l7  m s"' 
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Ftc.  } High-rev>lution  visible  DMSP  saielliie  phoio  ol  the 
southwest  Canbbein  for  Its  la  GMT  I Apnl  |9'.i  showing 
typical  low-level  cloiul  tracers  which  were  tnckeil  in  the 
espenmeni  The  Phase  II  cloud-tnckini  area  nonh  of  Panama  is 
mirkevl 

aircraft.  It  was  necessary  to  And  isolated  clouds  with 
no  overcast  atnyve,  ft\  their  positions  as  a function 
of  time  and  measure  the  wind  at  the  cloud  top,  mid 
cloud,  cloud  base  and  for  low -lev  el  cumulus  clouds, 
in  the  suhcloud  la>er  tl50  m).  Cloud  positions  and 
wind  measurements  were  made  for  at  least  30  mm 
and  up  to  2.5  h for  each  cloud  The  wind  measure- 
ments were  derived  from  the  Inemal  Navigation 
System  lINS)  of  the  aircraft.  .At  each  level  a straight, 
constant-altitude  flight  line  was  made  through  the 
cloud  with  at  least  2 min  in  the  clear  air  on  each  side. 
This  was  repeated  on  a reverse  heading  so  that  bias 
errors  onginatmg  from  air  speed,  ground  speed, 
heading,  track  and  angle  of  sideslip  could  be  cor- 
rected. Grossman  provides  a procedure  for 

this  correction. 

The  Grossman  icchmoue  involves  the  application 
of  derived  wmd  component  equations  which  assume 
wind  field  homogeneity  and  negligible  error  in  air- 
craft heading  The  uncorrected  wind  measurements 
are  employed  to  obtain  the  component  biases  along 
the  longitudmal  and  lateral  a.ses  of  the  aircraft 
These  biases  arc  then  applied  to  the  uncorrected 
wind  m order  to  amvc  at  a corrected  wind.  In  this 
investigation,  recorded  in-flight  wind  data  were 
available  along  the  entire  length  of  the  aircraft  track 
from  the  end  of  a turn,  through  a cloud,  to  the  begin- 
ning of  a new  turn  and  a reverse  track  along  approxi- 
mately the  same  path  The  wind  data  from  cloud  exit 
to  the  beginning  of  a turn  were  averaged  to  provide 
an  average  wind  for  one  leg  and  the  wind  data  from 
the  end  of  a turn  to  cloud  entry  were  averaged  for 
the  average  wind  of  the  second  leg.  These  average 


winds,  when  employed  with  the  bias  component 
equations,  permitted  the  computation  of  component 
bias  corrections.  The  resultant  combination  of 
corrections  and  measured  wind  was  utilised  as  the 
in  situ  cloud  level  wind  for  the  compansons  with 
cloud  motions.  Cloud  positions  were  determined  at 
intervals  of  5- 10  mm  using  the  latitude  and  longitude 
given  by  the  aircraft  INS  as  shossn  in  the  example  in 
Fig  4.  These  pyysiiions  were  used  to  compute  the 
cloud  motion  and  to  locate  the  cloud  in  the  satellite 
images.  Further  details  on  the  cxpenmcntal  pro- 
cedure using  the  aircraft  are  given  by  Hasler  ft  at 
tl976.  19:7). 

The  satellite  cloud  motions  were  measured  for  the 
1972  northwest  Canbbean  case  iPhase  ll  by  tech- 
niques described  by  Hasler  tt  al.  tl9"6».  For  the 
19“4.  1976,  19"7  phases,  measurements  were  made 
from  sequences  of  digital  SMS- GOES  images  on  the 
.Atmosphenc  and  Oceanographic  Information  Proc- 
essing System  (.AOIPS)  at  the  Goddard  Space  Flight 
Center  iGSFO.  Descnptions  of  the  .AOIPS  hard- 
ware and  software  systems  are  given  by  Billingsley 
and  Hasler*  and  Bracken  et  u/.*  Cloud  motions  were 
determined  on  .AOIPS  from  image  sequences  of  at 
least  60  min  with  a partial  or  complete  overlap  in 
time  with  the  aircraft  observations.  In  most  cases 
there  was  little  doubt  that  the  cloud  tracked  by  the 
satellite  and  the  aircraft  were  the  same  In  a few 
cases  due  to  high-level  overcast  or  confusion  caused 
by  nearby  clouds,  a similar  cloud  within  25  km  of  the 
aircraft  location  was  used.  .According  to  procedures 
developed  by  Hasler  and  Rodgers.*  satellite  cloud 
velocity  errors  of  0.5  m s"'  would  be  expected  using 
an  image  sequence  of  60  min  with  1 km  resolution 
SMS'GOES  images  on  .AOIPS.  The  aircraft  wind 
measurements  are  accurate  to  1.4  m s~'  (Kelly  and 
Zruber.  1973).  Therefore,  adding  the  expected  error 
in  the  satellite  measured  cloud  velocity  to  the 
expected  aircraft  wind  error  in  a root-mean-squarc 
sense  'he  expected  measurement  error  is  1.5  m s'*. 
The  error  in  the  aircraft  measured  cloud  velocities 
isO  5 m s'*  (Hasler e'u/  19-6)  sothe  ims  sum  is  also 
~1.5  m s'*  for  aircraft  cloud  velocity  vs.  aircraft 
wind  compansons.  .Adding  the  expected  airciaft 
cloud  velocity  error.  0.6  m s'*,  to  the  expected 


' BiJIinpley . J B . oml  A F Hasler.  tnlcratiiive  imafc 
processinf  for  meicoroiugicil  applicaiions  ai  N AS  A CoUJanl 
Space  RifM  Cenier  Rep  GoUJarU  Space  FligJii 

Cenicr.  Greenbell.  MD  r0“"I. 

’Bracken.?  .A..J  T Dalton.)  B BiUinpley  and  J. ) Quann. 
10"  Acmosphcnc  and  Oceanofnphic  Information  PriKessing 
System  iaOIPSi  System  desenpnon  Rep  l*S. 

Goddard  Space  Fli|M  Cenier.  Greenbell  MD  )0~~l 

' Hasler.  A.  F..  and  E B Rod|crs.  19"  An  error  analysis  of 
tropical  cyclone  divergence  and  vomcitv  Aelds  denved  from 
saieililt  closid  *inds  on  ttie  Aimosphenc  and  Oceanographic 
Image  Processing  Svsiems  i.AOIPSV  P-rprimj  //in  Trcn  Con; 
Humeunts  onO  Trvpical  WeieoiolOfv,  Miami.  Amer  Meieoi 
Soc  . 6*0-6*.’ 
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satellite  cloud  velocity  error,  O.j  tn  s~‘,  in  the  same 
manner  yields  a total  expected  measurement  error 
of  0.8  m s“‘  for  comparisons. 

3.  Results 

a.  Aircraft  mtasured  cloud  motions  versus  winds. 

In  Table  2 the  final  results  for  all  five  phases  of  the 
experiment  are  presented.  For  low-level  cumulus  in 
m^erate  trade  winds  (average  cloud  speed  of  8.7 
m s*')  and  high  wind  speed  (average  cloud  speed  of 


17.8  m s~M  subtropical  high  regimes,  the  cloud 
motions  agree  best  with  the  winds  at  cloud  base 
(1.3  m s'*  « [VcKwi  - VcBwl  « 1.8  m s'*].  Both  the 
average  magnituile  of  the  vector  difference  ( [ Vj.,o<ia 
- I ) and  the  difference  within  which  two-thirds 
of  each  sample  were  contained  ( \ ] ,^] 

are  presented.  For  low-level  cumulus  in  high- 
speed wind  regimes  near  fronts  the  cloud  motions 
are  closest  to  the  mean  wind  in  the  cloud  layer 
(1  - VvcLw!  ■ 2.5  m $*'].  Surprisingly,  the 

relationship  was  the  same  tor  the  relatively  deep 
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Tahle  2.  Cloud  motion  *tnus  in-situ  aircraft  wind  * 


iYcloy^  ~ ^ I ^ Clwid 
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5. 4/4.6 

9.69.1 

5.1  4 8 
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Feb  76 

NW  Atlantic 
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15.3 

3 6-3.8 

3 2 3 8 

2.63.3 
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2. 5/2.9 

Cirrus 

Subtropics 

Dec  72 
Apr  74 

W Canbbean 

} 

11.0 

— 

1.7 

2.61.8 
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1 ’2.0 

• All  mcMurements  were  made  in-situ  by  aircraft  equipped  wuh  Inertial  Navigation  Systems. 
••  The  67C&  subscnpt  means  that  two-thirds  of  the  differences  have  this  value  or  less 


convective  region  ahead  of  the  front  and  the  sup- 
pressed conve  jtion  behind  it. 

For  the  fevy  cirrus  cases  that  were  tracked  in  the 
subtropics.  Table  2 shows  that  the  cloud  motion 
agreed  best  with  the  mean  wind  in  the  cloud  layer 
nVjuniit  - = l-'7  m s-‘],  but  the  agreement 

at  any  of  the  three  levels  is  not  significantly  different. 

b.  Saiellile  measured  cloud  morions  versus  winds 

Table  3 shows  cloud  motion  versus  ambient  wind 
comparisons  where  the  cloud  motions  were  meas- 
ured from  sequences  of  geosynchronous  satellite 
visible  images  on  .AOIPS.  The  satellite  cloud  winds 
versus  aircraft  wind  comparisons  in  Table  3 give  the 
same  general  results  as  those  in  Table  2.  However 
satellite  data  were  not  available  for  the  1974  south- 
west Caribbean  cumulus  and  cirrus  cases.  For  trade 
wind  and  subtropical  high  cumulus  clouds,  the 
motions  agree  best  with  the  winds  at  cloud  base  or 
below  (0.9  m s‘‘  « i V\.toud  ~ V,-b«  ; < 1.7  m s‘‘]- 
The  cumulus  cloud  motions  near  fronts  again  were 
closest  to  the  mean  wind  in  the  cloud  layer  [ | 

- = 2.3  m s ']. 


c.  Sateilite  vs  aircraft  cloud  motions 

Fig.  4 shows  a comparison  of  an  aircraft  cloud 
track  with  a satellite  cloud  track  where  an  isolated 
wc'l  defined  cloud  was  tracked  over  nearly  identical 
2 h periods  oftimc  by  both  systems.  For  this  case  the 
magnitude  of  the  vector  difference  was  1^71^ 

- Vjioud"  I * 0.3  m s'*.  For  the  cases  where  aircraft 

and  satellites  tracked  the  same  clouds  the  average 
differences  were  iV'cioun,  " 1.8.  1.5 

and  1.6  m s~'  for  the  5.  16.  4 and  10  clouds  tracked 
in  the  northwest  Caribbean.  Gulf  of  Me.xico.  north- 
west .Atlantic  and  northeast  .Atlantic,  respectively. 
These  differences  are  about  twice  as  large  as  the 
0.8  m s”'  e.xpected  error  which  was  calculated  in  the 
previous  section.  This  indicates  that  some  clouds 
must  not  have  been  properly  identified  in  the  satei- 
lite pictures  or  and  measurement  errors  were  larger 
than  anticipated  in  some  cases. 

d.  Bias  errors 

Table  4 gives  the  satellite  cloud  wind  (satellite 
cloud  motion)  bias  errors  with  respect  to  the  cloud- 


Tailc  J Satellite  cloud  winds  versus  :n  situ  aircraft  wind  measurements  for  oceanic  cumulus  clouds 
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See  footnotes  to  Table  2. 
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Table  4.  SatcUite  cloud  wind  systematic  bias  errors  for  oceanic  cumulus  clouds. 
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Fmul 

NWaUuik 

IJ  7 

10.2 

-0.3 

3.1 

19 

13  7 

I0v7 

-10 

-I  3 

base  wind  and  also  the  mean  wind  in  the  cloud  Iaye> 
(cloud-layer  wind).  For  the  cloud  wind  biases  with 
respect  to  the  cloud-base  wind,  all  speed  biases  are 
1 m s*' or  less.  Direction  biases  are  also  small  for  the 
trade  wind  northwest  Caribbean  case  and  the  sub- 
tropical high  cases.  For  the  Gulf  of  Me.xico  trade 
wind  case,  the  5.0’  systematic  direction  bias  error 
contributes  only  slightly  to  the  mean  magnitude  of 
the  vector  difference  | = 1.7  m s“‘. 

from  Table  3]  because  of  the  low  average  wind  speed 
of  5.3  m s*‘.  For  the  frontal  case  a nearly  identical 
direction  bias  error  of  5.1°  contributes  much  more 
to  the  large  vector  difference  - VcbwI 

= 3.6  m s"‘]  because  of  the  high  average  wind  speed 
of  16.2  m s"‘.  The  cloud  wind  bias  errors  with 
respect  to  the  mean  wind  in  the  cloud  layer  are  small 
only  for  the  frontal  case  (-1.0  m s"'  in  speed  and 
- 1.3°  in  direction).  Because  of  the  high  average  wind 
speed  in  the  frontal  case  the  small  direction  bias 
error  contributes  substantially  to  the  vector  dif- 
ference of  I V'c,„ud  - I =■  2.3  m «■'  between 
the  cloud  wind  and  the  cloud  layer  wind.  In  the 
frontal  case  the  cloud  wind  does  not  agree  with  the 
mean  wind  in  the  cloud  layer  as  well  as  the  cloud 
winds  for  the  other  phases  agree  with  the  cloud  base 
winds  (see  Table  3).  Therefore  the  effect  of  sys- 
tematic bias  error  removal  was  evaluated  for  this 
case.  From  Table  5 it  is  evident  that  systematic 
error  removal  results  in  only  a very  small  improve- 


ment in  the  average  magnitude  of  the  vectors  dif- 
ference for  the  mean  in  the  cloud  layer,  from  2.3  to 
2.2  m s"‘.  However,  the  removal  of  large  systematic 
differences  in  direction  would  give  improvements  of 
4.1  to  2.6  m S'"  and  3.6  to  2.9  m s'*  for  the  150  m 
and  cloud-base  levels,  respectively.  Therefore,  if  the 
cloud  winds  are  used  to  estimate  the  mean  wind  in 
the  cloud  layer  there  would  be  little  purpose  in 
removing  systematic  errors;  but  for  cloud-base  or 
subcloud-laycr  wind  estimation,  removal  of  the  bias 
errors  would  be  advantageous. 

It  was  also  determined  that  the  magnitude  of  the 
vector  difference  between  cloud  motion  and  the 
cloud-base  wind  is  not  highly  correlated  to  either  the 
wind  speed  or  the  vertical  shear  for  the  trade  wind 
and  subtropical  high  cases. 

e.  Cloud  wind  height  assignment 

Satellite  cloud  winds  for  oceanic  trade  wind  and 
subtropical  high  regions  may  be  assigned  to  the 
cloud-base  altitude.  There  is  no  reliable  way  of 
measuring  cloud-base  height  from  geosynchronous 
satellites  since  the  cloud  bases  are  hidden  from  view 
by  the  upper  part  of  the  cloud  so  the  best  method  for 
low-level  cloud  wmd  height  assignment  is  to  use 
climatology,  aircraft  reports,  or  deduce  them  from 
soundings  where  available.  Cloud-base  altitude 
statistics  for  the  entire  experiment  are  given  in 


Table  i.  Satellite  cloud  winds  versus  in  situ  aircraft  winds,  systematic  bias  error  removed* 
for  veitem  Atlanuc  (32*N)  lanuary- February  19*6 
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* Statistics  are  based  on  19  cases. 
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Table  6.  Ooud-b«se  and  eloud-iop  heigbi  statistics  based  on  64  cumulus  and  flvt  cirrus  clouds. 
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Table  6.  The  average  low-Ievel  cloud-base  altitude 
for  the  experiment  was  936  mb  with  a standard  devia- 
tion of  only  19  mb.  There  was  a tendency  for  the  low- 
latitude  cloud  bases  to  be  lower  (—A  * 940  mb)  and 
more  uniform  (-a-/,  = 10  mb)  than  the  higher  lati- 
tude bases  (-A  ■ 930  mb,  - 25  mb).  How- 
ever, the  total  range  of  the  low-level  cloud  bases 
was  only  from  977  to  898  mb.  Since  the  low-level 
cumulus  cloud  bases  are  very  uniform  in  altitude, 
assignment  of  the  cloud  winds  to  950  or  900  mb 
should  be  sufficiently  accurate  for  most  applications. 

In  frontal  regions  cumulus  cloud  winds  may  be 
assigned  to  the  middle  of  the  cloud  layer.  This  can  be 
done  by  measuring  the  cloud-top  altitude  by  the 
Mosher's  combined  infrared  and  visible  method 
(Suomi’)  or  stereo  techniques  (Minzner  et  al. , 1978; 
Haslerer  a/.*)  and  using  the  cloud  base  of  -930  mb 
from  Table  6 to  calculate  the  mid-cloud  level. 

■ Cirrus  cloud  winds  should  be  also  assigned  to  the 
mid-cloud  level.  Great  care  must  be  taken  not  to 
underestimate  the  altitude  of  the  cirrus  cloud  tops 
from  infrared  measurements,  but  stereo  heights 
show  considerable  promise  for  eliminating  this 
problem.  It  may  be  best  to  assign  cirrus  cloud  winds 
to  the  cloud-top  altitude,  because  the  data  show 
little  difference  between  the  various  levels  and  it  is 
difficult  to  make  a good  estimate  of  the  cloud-baso 
height. 

4.  Summary  and  conclusions 

For  oceanic  trade  wind  cumulus  and  cumulus  in 
oceanic  subtropical  high  regions,  satellite  cloud 


' Su0nu.  V E..  1975:  Man-computer  Interactive  Data  .Access 
System  (MclDAS).  Final  Report  Contract  .NAS5-23296.  Uni- 
versity of  Wisconsin.  Madison.  (.Available  from  Space  Science 
and  Enfinecnng  Center.  University  of  Wisconsin.  Madison  ] 

' Haslcr.  A.  F . .M.  des  Jardms  and  W E.  ShenJt.  1979-  Four- 
diracntionai  observations  of  clouds  from  geosynchronous  orbit 
using  stereo  display  and  measurement  techniques  on  an  inter- 
active information  processing  system.  F >unh  Sanonai  \tro- 
nautict  and  Spact  Administration  Weatntr  ana  Ciimaie  litiir^\ 
Greenbcit.  NASA.  i'-'Z.  [Available  from  Goddard  Space 
Flight  Center.  Greenbelt.  MD  lOT'l  ] 


motions  estimate  the  wind  at  cloud  base  at  approxi- 
mately the  limit  of  the  instrumental  accuracy  pos- 
sible from  this  e.xperiment  [0.9  m s~‘  < J v.iouei 
- VcBwl  < 1.7  m $■*]  with  no  significant  bias  er- 
rors. For  oceanic  cumulus  clouds  near  fronts,  agree- 
ment  is  best  with  the  mean  wind  in  the  cloud  layer 
[iVcioud  - VmclwI  ■ 2.3  m s"‘].  The  differences 
are  larger  in  this  case,  but  removal  of  systematic 
errors  produces  no  significant  improvement.  For 
high-level  cirrus  cloud  motions  measured  by  air- 
craft, the  comparison  agreement  is  also  best  with  the 
mean  wind  in  the  cloud  layer  - V^cuvl 

= 1.7  m s"'].  but  is  not  significantly  better  than  the 
agreement  with  the  cloud-base  or  top  wind.  It  is 
concluded  that  for  most  equatorial  through  mid- 
latitude ocean  areas  of  the  world,  satellite  cloud 
motions  can  be  used  to  estimate  the  low-level  (cloud 
base)  winds  with  high  accuracy.  There  is  no  reliable 
method  yet  demonstrated  of  estimating  cloud-base 
altitudes  fr  n geosynchronous  satellite  orbit,  but 
low-level  cumulus  cloud  bases  are  very  uniform  in 
height  and  can  be  determined  within  a few  tens  of 
millibars  from  climatology  and'or  from  relatively 
widely  spaced  surface  station  reports.  The  64  cumu- 
lus clouds  measured  in  this  experiment  had  an 
average  cloud-base  height  of  A » 936  mb  with  a 
standard  deviation  of  only  o-,  = 19  mb. 

In  frontal  regions  cumulus  cloud-top  altitudes 
should  be  determined  from  infrared  or  stereo 
measurements  and  the  cloud  wind  assigned  to  the 
mid-cloud  level.  Cirrus  cloud  winds  should  also  be 
assigned  to  the  mid-cloud  level  if  it  can  be  deter- 
mined. but  assignment  to  the  cloud  top  level  is 
probably  satisfactory 

Satellite  cloud  motions  can  be  excellent  estima- 
tors of  the  wind  for  carefully  selected  tracers  which 
are  not  affected  by  gravity  waves  or  orography. 
Proper  height  assignment  of  the  cloud  winds  is  also 
extrem;'y  important  and  has  probably  contributed 
most  to  poor  wind  estimation  in  the  past  (e.g..  the 
case  of  thin  cirrus  cloud  motions  assigned  to  too  low 
a level). 
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5.  Future  work 

It  is  still  necessary  to  obtain  more  data  for  cumulus 
clouds  in  other  oceans,  over  land  and  under  dis- 
turbed conditions  to  more  fully  assess  cloud  motion 
wind  relationships.  The  sample  size  for  cirrus  clouds 
needs  to  be  increased  and  comparisons  made  in  high 
wind  shear  situations  (e.g.,  jet  streams).  There  is 
potential  for  better  comparisons  with  rawinsondes  if 
geosynchronous  satellite  stereo  observations  be- 
come available  in  regions  where  cloud  winds  can  be 
measured  coincidently  in  time  and  space  with  the 
rawinsondes.  In  the  immediate  future  the  experi- 
ment will  concentrate  on  in  situ  aircraft  verification 
under  disturbed  conditions,  particularly  over  land 
for  the  antecedent  conditions  for  severe  local 
storms. 
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ABSTRACT 

This  paptr  prcssnu  a case  study  of  the  structure  of  a warm  froatal  ration  u deduced  from  Doppler 
radar  observations.  The  precipitation  occutnag  ahead  of  the  surfue  warm  front  was  banded.  The 
dominant  precipitation  bends  were  oriented  transveru  to  the  mid-level  winds,  and  they  were  spued 
~ 1 10  iun  apart.  It  is  sugtested  that  these  bands  were  formed  by  highly  organiied  vertical  circulations 
in  a 2.5  km  thick  layer  just  above  the  warm  frontal  zone.  The  precipitaUon  bands  extended  from  this 
layer  down  to  the  surfhee.  Near  the  surface  additional  circulations  were  produced  by  pressure  perturba- 
tions resulting  from  cooling  associated  with  melang  snow.  Some  diagnostic  calculations  of  ageostrophic 
winds,  frontogenesis  and  vorticity  production  arc  presented.  The  ftontogenesis  calculation  gives 
approximately  a 2-4  h doubling  time  of  the  horizontal  potential  umpermture  gradient  usociated  with 
the  warm  front,  at  mid-levels.  Th*  highly  organized  band-associated  circulations  suggest  the  importance 
of  their  inclusion  in  diagnostic  calculations. 


1.  Introduction 

The  ability  to  forecast  midlatitude  weather  is  criti- 
cally dependent  on  the  ability  to  forecast  the  motion, 
formation,  intensification  and  dissolution  of  fronts.  In 
the  literature,  considerable  attention  has  been  given  to 
a discussion  of  processes  which  maintain  and  intensify 
gradients  of  wind  velocity  and  thermodynamic  proper- 
ties characteristic  of  frontal  zones.  Analytical  and  nu- 
merical studies  have  been  directed  to  the  question  of 
frontogenesis — whether  fronts  can  form  in  realistic 
times  -and  the  physical  mechanisms  important  for 
the  frontogenesis  (e.g.,  Hoskins  and  Brethenon, 
1972:  Mudrick,  1974;  Gidel,  1978).  Observations 
have  also  shed  light  on  these  questions  through 
diagnostic  studies  of  surface  and  elevated  fronts 
(e.g.,  Reed  and  Sanders.  1953;  Bosart,  1970). 

Njimerical  simulations  of  the  atmosphere  typi- 
cally use  scales  larger  than  about  100  to  because 
of  computer  limitations.  Temporal  and  spatial 
resolutions  in  synoptic  studies  of  fronts  are  limited 
by  the  distribution  and  frequency  of  surface  and 
upper  air  observations.  Consequently,  a basic 
question  yet  to  be  answered  in  the  dynamics 
of  fironts  is  the  importance  of  small-scale  mo- 
tions (<  100  to.  say)  on  the  large-scale  dynamics.  Is 
the  effect  so  important  that  simulations  of  large-scale 
dynamics  for  extended  periods  of  time  cannot  be 
successful  unless  small-scale  processes  are  included 
b the  conventional  equations  for  laige-scalc  djmamics? 


' Frasnt  affllixtioii:  NA3A,  CoCdarr'  Spaet  Flight  Cratar, 
CrMubalt.  MD  20(41. 


If  SO,  we  obviously  need  accurate  parameterizations  of 
the  small-scale  processes.  In  order  to  begin  to  answer 
these  questions,  we  need  observational  descriptions 
of  frontal  regions  at  high  space  and  time  resolutions. 

In  recent  years,  methods  of  observations  by  Dop- 
pler radars  (e.g..  Miller  and  Strauch,  1974)  have 
been  developed  which  can  provide  the  three- 
dimensional  motion  fields  m regions  of  precipita- 
tion, down  to  scales  of  ~500  m.  The  limit  on  the 
scale  at  the  large  size  end  is  imposed  by  the  area 
that  can  be  scanned  by  the  Doppler  radars — typi- 
caUy  50-100  km. 

In  this  paper  we  shall  present  detailed  observa- 
tions of  the  three-dimensional  wind  and  precipitation 
structure  associated  with  a weak  warm  front  which 

Sssed  the  Chicago  ‘'rea  on  12  March  1976.  The 
int  was  observed  by  a dual-  Doppler  radar  system 
(consisting  of  the  CHILL  University  of  Chicaao- 
lUinois  State  Water  Survey  radar  and  the  CP-4  radar 
of  the  Field  Observing  Facility,  National  Ceniiir  for 
Atmospheric  Research)  for  a period  of  -3  h as  pan 
of  a winter  storm  experiment  by  the  Laboratory  for 
Atmospheric  Probing.  Univenity  of  Chicago.  The 
location  of  the  radars  is  shown  in  Fig.  4a  by  the  dots. 
The  radar  baseline  is  51.35  km  long  and  is  oriented 
along  66-246*.  Section  2 descril^s  the  synoptic 
conditions  during  the  period  of  the  radar  observa- 
tions. Associated  with  the  warm  front  on  12  March 
1976  were  several  precipiution  bands.  In  Sections  3 
and  4,  we  diKuss  the  general  features  of  these 
precipitation  bands  and  their  relation  to  the  wind 
structure  m the  warm  firontai  region.  In  Section  5 
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Fio.  I-  Synoptic  m*pi  mt  SJO  mb  (a)  and  700  mb  (bi.  The  hei|!'.i  held  in  meien  (solid  lines)  and  iso- 
therms in  degrees  Celsius  (dashed  lines)  are  shown  on  constant  pressure  surfaces.  For  the  winds,  a full 
barb  is  5 m s*'  and  a flag  is  25  m s~'.  i,  values  are  indicated  near  station  locations,  an  x indicates 
missing  wind  or  temperature  data.  The  positions  of  fronts  and  stations  are  shown  on  the  830  mb  level. 
These  0600  maps  arc  actually  at  about  0325.  i.e..  3-10  min  after  the  sounding. 


we  present  the  deuiled  wind  and  reflectivity  struc- 
ture of  one  of  the  precipitation  bands.  Some  tenta- 
tive diagnostic  calculations  of  ageostrophic  winds, 
frontogenesis  and  vorticity  proiJuction  in  the  warm 
frontal  region  are  given  in  Section  6. 

2.  Synoptic  conditions  on  12  March  1976 
The  radar  observations  presented  in  this  paper 
were  obtained  from  0200  to  0500  CST  (in  the  follow- 


ing, all  times  are  CST)  in  a region  of  precipitation, 
the  top  of  which  was  below  5 km  (all  heights  are 
above  ground  level).  The  standard  upper  air  obser- 
vations were  used  to  determine  the  syroptic-scale 
frontal  structure  at  0600;  t>ie  release  times  for  the 
soundings  was  about  0515,  i.e.,  the  end  of  ihe  radar 
observations.  A special  low-level  severe  storm 
sounding  was  released  at  0515  from  Midway 
Airport.  Chicago  iMDW)  which  is  located  roughly 
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at  the  center  of  the  radar  analysis  region.  The 
special  sounding  does  not  measure  winds,  and  above 
700  mb,  observations  are  taken  only  at  600  and 
300  mb. 

Fig.  1 shows  the  850  and  700  mb  maps  for  the 
central  United  States.  The  warm  front  had  a north- 
west'^outheast  orientation  in  Illinois,  with  the  sur- 
face low  center  ~500  km  west  of  Chicago.  Also 
showi  is  the  equivalent  potential  temperature 
which  is  conserved  under  a pseudoadiabatic  process, 
such  as  was  probably  occurring  in  the  warm  frontal 
lifting.  On  the  surface  map  (which  is  not  shown  here, 
but  presented  later  in  Fig.  4a  for  a smaller  region), 
the  warm  front  was  weak;.  *'•  ident  from  the  surface 
temperatures,  and  more  readily  seen  from  the  sur- 
face This  front  moved  northward  at  ~6  m s'', 
somewhat  slower  than  the  overall  motion  of  the  low 
center  ('-17  m s“‘  from  2*^5°). 

Fig.  2 shows  the  distribution  of  temperatures  and 
winds  in  the  warm  frontal  zone  in  a vertical  plane 
oriented  perpendicular  to  the  front.  Soundings  from 
Little  Rock,  .Arkansas  (LIT),  Salem.  Illinois  (SLM), 
Peoria.  Illinois  (PIA),  MOW,  Green  Bay.  Wisconsin 
(GRB)  and  Sault-Ste. -Marie  (SSM)  were  used  in 
constructing  this  section.  The  low-level  jet  is  quite 
strong  with  winds  approaching  30  m s''  above 
MOW.  The  warm  frontal  zone  (Fig.  2a)  has  a slope 
of  about  l.TOO  toward  nonh.  and  is  at  a height  of 
~ 1 .0  km  abo'  i MOW.  The  resolution  of  the  sound- 
ings was  inadequate  to  depict  the  position  of  the 
eastern  and  leading  edge  of  the  mid-level  warm  air 
advection.  Soundings  from  PIA,  MOW  and  FNT 
(Flint,  Michigan),  shown  in  Fig.  3,  indicate  ex- 
trenely  dry  air  at  PI.A  above  2 km  height,  which  has 
not  reached  downstream  to  FNT.  A moist,  stable 
layer  exists  at  -3.5  km,  with  a temperature  of 
about  -lUC  and  35^  relative  humidity  The 
.MOW  sounding  shows  a stable  layer  associated  with 
the  frontal  zone  (0. 7-1.4  km),  and  between  2-3.6 
km  altitude.  Potentially  unstable  layers  occur  at 
2-3.5  km  at  PIA  and  1.4-2  km  at  MOW,  while 
potentially  neutral  layers  are  found  above  3.'  a.-.d 
6 km  at  these  stations.  The  FNT  sounding  is  both 
conditionally  and  potentially  stable. 

3.  General  features  of  the  precipitation  bands  and  cells 

Near  warm  fronts,  precipitation  is  commonly 
found  in  the  form  of  bands  having  a wide  range  of 
dimensions,  sometimes  approaching  hundreds  of 
kilometer^  m length  and  50km  in  width  le.g..  Brown- 
ing and  Harroid.  l%9',  Houze  ex  al.  1976).  The 
onentations  of  these  "^ands  are  variable  presumably 
due  to  differences  in  the  mechanisms  responsible 
for  their  formation. 

The  precipitation  observed  by  the  radars  on  12 
March  19"6  was  also  predominantly  banned  in 
character  with  cores  of  high  reflectivity  embedded 
within  the  bands.  The  banded  organization  was 
obvious  from  an  examination  of  the  scope  photo- 


la  MARCH  1976  0600  CST 


nauu  tmltfl} 

*oo4  It 


soo-l 


s 


too 


4 


700-  3 

•00'  2 


•00-^  f I 


loooa 


0 


*00 -1  It 
r« 

300  ■)  i 

4 r* 


: I 

TOO-j  f3 

•00-1  ^2 

' I 

, [ 

900-i  *1 

r 

ioooi  i 

Lir  Si-M  P'a  MOW  3BB  SSM 

Fig.  2.  Vertical  cross  sections  of  temperature  la)  and  winds  lb) 
perpend'cular  to  surface  warm  front.  The  stippling  in  la)  is  a 
potentially  unstable  region;  hatching  in  ib)  shows  winds  >25  m 
s~'  associated  with  the  low-level  jet.  Thick  solid  lines  enclose 
warm  frontal  lone. 


graphs  of  the  CP-4.  CHILL  and  conventional 
(Marseilles.  Illinois)  radar. 

Fig.  4a  shows  the  general  area  of  precipitation 
near  the  surface  at  0300.  The  heavy  line  encloses 
the  region  of  precipitation  detected  by  the  Marseilles 
radar.  The  surface  positions  of  the  warm  front  at 
0300  and  0600.  the  locations  of  the  radars  and  the 
dual-Doppler  analysis  region  (stippled)  are  also 
shown  in  this  figure. 

Fig.  4b  shows  the  contoured  radar  reflectivity 
factor  at  0°  elevation  angle  at  0221.  This  figure  was 
arrived  at  by  an  analysis  of  the  CP-4  radar  data.  The 
120  km  by  120  km  region  was  divided  into  a uniform 
grid  with  spacing  2 km.  Reflectivities  at  the  grid 
points  were  calculated  by  interpolation  from  the 
CP-4  observations.  The  region  near  the  shores  of 
Lake  Michigan  and  the  downtown  Chicago  area 
(indicated  by  vertical  lines)  was  removed  from  the 
analysis  to  eliminate  echoes  from  ground  clutter, 
■kt  (3221.  the  leading  edge  of  the  mesoscale  pre- 
cipitation region  was  just  moving  over  the  Lak.. 
The  axes  of  two  band:  of  high  reflectivity  were 
identified  in  the  figure.  Band  .A I had  reflectivities 
in  excess  of  35  dBZ  which,  according  to  the  empiri- 
cal equation  given  by  Gunn  and  Marshall  (1958), 
corresponds  to  a rainfall  rate  of  3. 0 mm  h'‘.  Band  Bl 
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Fic.  3.  Soundings  from  PIA.  MOW  and  FNT.  i,  denotes  pseudoediabats.  The  release  times  of  these  soundings  was  about  0515. 


has  reflectivities  in  excess  of  30  dBz,  or  a rainfall 
rate  of  -7  mm  h*'. 

None  of  the  radars  was  able  to  see  all  the  bands 
simultaneously  or  follow  any  particular  band 
throughout  its  life  time,  because  of  radar  range  and 
sensitivity  limitations.  However,  from  a detailed 
examination  of  the  radar  scope  photographs,  re* 
flectivity  contour  maps  similar  to  the  one  shown  in 
Fig.  4b.  and  other  analyses,  a broad  picture  of  the 
distribution  of  precipitation  was  derived.  Fig.  4c 
is  a schematic  summary  of  the  bands  as  derived 
from  compositing  low-lcvc!  reflectivity  data  from  the 
three  rad.ars  and  adjusting  them  to  a common 
time.  0300.  This  latter  figure  represents  the  bands  at 
the  initiation  height  of  A bands,  which  for  the  present 
purpose  is  in  the  .middle  troposphere. 

Two  sets  of  bands  A and  B are  identified  on 
Fig.  4c.  The  first  set  (.M.  A2  and  A3)  appeared  as 
three  bands  embedded  in  a larger  area  of  widespread 
precipitation.  The  orientation  of  these  bands  was 
145-335°  with  1 spacing  of  100-110  km  and  their 
translational  velocity  was  ~15  m s"'  from  240°.  The 
second  set  of  bands  (Bl.  32.  etc.)  had  a typical 
spacing  of  about  40  km.  The  total  number  of  these 
bands  at  0300  was  greater  than  the  number  of  A 
bands . but  their  exact  number  is  somewhat  uncertain 
because  of  radar  range  and  sensitivity  limitations. 
The  onentation  of  the  B bands  was  130-310°.  and 
their  translational  vclocit>  was -22  ms"' from  220°. 

The  first  dominant  band  A 1 moved  across  Chicago 
at  about  0230.  The  radar  observations  showed  the 
length  of  this  band  to  be  greater  than  375  km.  This 
band  was  not  detected  by  the  radars  after  0330.  How- 


ever. a long  band,  believed  to  be  band  Al,  was 
identified  on  the  Defense  Meteorological  Satellite 
Program  infrared  ,'<cture  taken  at  0715.  The  time- 
adjusted  position  of  this  band  has  been  shown  on 
Fig.  1.  Since  band  .Al  was  first  observed  at  2300  on 
1 1 March  1976.  it  probably  lasted  for  more  than  8 h. 
strongly  suggesting  that  it  was  associated  with  some 
quasi-steady  feature  of  synoptic-scale  dynamics. 

Band  A2  was  weaker  than  .A  1 and  passed  through 
Chicago  at  about  0400.  Band  A3  was  evident  only  as 
a line  of  discrete  regions  of  high  reflectivity  on  the 
0°  elevation  Marseilles  radar  observations. 

From  the  radar  observations  the  B bands  were 
deduced  to  have  originated  in  generating  cells  at  a 
height  of  -5.2  km.  Because  of  their  low  reflectivity, 
the  generating  cells  were  not  detected  in  much  of 
the  radar  observations  taken  at  low  elevation  angles. 
However,  they  were  seen  in  vertical  incidence  radar 
data  and  to  a lesser  extent  in  high-level  CAPPI  (con- 
stant altitude  PPI)  Pictures  of  the  kind  shown  in  Fig. 
4b.  We  suggest  that  there  was  a series  of  generating 
celts,  aligned  parallel  to  the  orientation  of  the  B 
bands,  at  a height  of  -5.2  km.  The  precipitation  trails 
emanating  from  these  cells  merged  as  the  precipita- 
tion particles  descended  giving  the  appearance  of 
bands  in  the  low-level  radar  pictures.  Calculations 
of  panicle  trajectories  ^similar  to  those  of  Mairshall 
(1953)1  imply  that  the  origin  of  the  B bands  was 
approximately  80  km  upwind  of  their  surface  posi- 
tions. The  precipitation  trail  associated  with  a 
generating  cell  moves  with  the  velocity  of  the  gener- 
ating cell  (e.g..  Marshall.  1953).  The  observed 
propagation  velocity  of  the  B bands  is  close  to  the 
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X,  Basaline  Distance  (km) 


Fig.  4.  Precipiution  bxnd  obscrvxtioiu:  (x)  precipiution 
recioD  anu  surface  observations  at  0300,  (b)  reflectivity  CAPPI 
(0*)  at  0221,  and  (c)  schematic  precipitation  bands  A and  B at 
initiation  level  of  A bands.  See  text  for  further  explanation. 


wind  velocity  near  the. 5.2  km  height  (see  Fig.  6b), 
supporting  our  contention  that  the  B bands  are 
“tied”  to  generating  cells  at  a height  of  *-5.2  km. 

As  mentioned  earlier  a number  of  high*reflectivity 
cores  were  found  to  be  embedded  in  band  A.  One 
such  core  Cl  near  the  surface  is  indicated  in  Fig. 
4b.  These  cores  were  found  to  move  north* 
ward  along  band  A.  This  behavior  becomes  ex- 
plicable by  the  following  consideration.  High  re- 
flectivities are  generated  in  regions  where  the 
precipitation  trails  associated  with  the  B bands 
intenect  the  A bands  at  a height  near  the  initiation 
level  of  the  A bands;  this  is  schematically  de- 
picted in  Fig.  4c.  The  high  reflectivity  is  probably 
due  to  the  rapid  precipitation  growth  produced  by 
the  iqjection  of  large  particles  formed  by  B bands 


aloft,  into  the  A band.  As  the  point  of  inter- 
section of  the  precipitation  trails  and  A bands 
moves,  the  region  of  high  reflectivity  moves  north- 
ward along  band  A as  illustrated  by  the  inset  in  the 
top  right  comer  of  Fig.  4c.  We  do  not  see  core  Cl 
in  Fig.  4b  exactly  at  the  intersection  of  A and  B 
bands  probably  due  to  different  particle  trajectories 
associated  wi^  particles  in  the  bands  and  reflec- 
tivity cores. 

Further  insight  into  the  distribution  of  precipita- 
tion is  provided  by  profiles  of  radar  reflectivity 
fi^tor  and  Doppler  parameters  at  vertical  incidence 
(Fig.  5)  and  the  time-height  cross  section  of  con- 
toured. average  reflectivity  factor  (Fig.  6a).  In  arriv- 
ing at  Rg.  6a,  the  reflectivities  observed  by  the  CP4 
radar  were  averaged  over  the  27.5  km  by  40  km 
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Fic.  Venicai  incidence  ndnr  obaervaiions  (collected  from  CHILL  radar)  ai  about  OJO).  0?43  and 
0C4.  H.c  points  at  encb  150  m vertical  interval  represent  an  average  over  the  I - J mm  interval  of  the 
data.  Solid  curve  in  (a)  gives  the  IV  proflie  assumed  m wind  calculation:  values  at  heights  <1150  m 
were  unreliable  and  therefore  not  plotted. 


TiMEtCSTt 


Flo.  6.  Time  height  cross  sections.  Shown  are  (a)  redectivity,  ibi  wind  speed,  tc)  wind  direction,  id)  vertical  velocity  lei  diver- 
gence.  if)  vertical  component  of  relative  voracity,  ig)  deformauon  and  ihi  vertical  wind  shear  Dashed  contours  indicate  regions 
of  missing  observauons  In  la)  and  ib).  hatching  indicates  reOectivity  »:5  dBZ.  and  wind  speed  >50  m s'',  respectively  Venical 
hatchings  in  (d).ie).(f)  give  downdrafts  «0  cm  s*'. and  convergence  and  anticyclomcrelaiivevonicity  w-I  s lO'*  f.  respectively 
Horuontal  hatchmg  gives  vertical  mouon  >25  cm  s'',  and  divergence  and  cyclonic  relative  vorticity  >2  s io~*  s''  iCross-hatching 
in  Fig.  6d  shows  updrafts  >)5  cm  s*'  ) Deformation  is  displayed  by  a tme  whose  onentation  is  parallel  to  the  a.tis  of  dilatation 
(north  toward  top  of  figure),  and  length  proponional  to  the  rate  of  deformation.  This  cross  section  is  centered  over  MDW 
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dual-Doppizr  analysis  region  (shown  suppled  in  Fig. 
4a)  )Vc.  height  increments  of  lOO  m.  .4  total  of  45 
racar  volume  scans  (e.xplained  in  the  ne.\t  section) 
was  used  to  construct  the  time-height  cross  section 
of  Fig.  6a;  the  locations  of  these  volume  scans  are 
indicated  by  the  arrows  in  Fig.  6a.  Tv.o  pronounced 
mesoscile  precipitation  regions  udentified  by  re- 


flectivities *30  dBZ)  .\1  and  A2  passed  through 
the  analysis  region.  The  one  centered  at  about  0230 
i.\l)  is  the  dominant  precipitation  band  mentioned 
earlier.  The  second  precipitation  band  ( A2'  occurred 
at  about  0345.  .A  third  mesoscale  precipitation 
band  was  identified  from  the  Marseilles  radar  ob- 
servations as  a set  of  discrete  reflectivity  cores.  If 
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represented  on  Fig.  6a,  this  precipitation  region 
would  occur  beyond  the  left  edge  of  the  figure  at 
about  0545.  Other  regions  of  high  reflectivity  are 
evident  at  a height  of  '•5  km.  These  are  trails  associ- 
ated with  generating  ceils  giving  rise  to  the  B bands 
at  lower  altitudes.  The  melting  layer  is  evidenced 
by  the  rapid  increase  in  reflectivity  below  ~i.g  km 


height.  This  is  in  agreement  with  the  temperature 
soundings  (Fig.  3)  which  show  the  0“C  level  at  - 1 .6- 
1.8  km  above  the  surface. 

The  melting  layer  and  the  height  variation  of  the 
reflectivity  factor  are  more  clearly  seen  in  Fig.  5 
which  shows  the  mean  Doppler  '-elocity  (positive 
downward)  and  reflectivity  factor  as  obtained  from 
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the  vertical  incidence  observations  by  the  CHILL 
radar  at  the  three  times  shown.  The  melting  layer  is 
evidenced  by  the  rapid  increase  in  the  radar  re- 
flectivity factor  and  the  mean  Doppler  velocity 
near  the  0*C  level.  It  is  interesting  to  note  that  the 
peak  of  the  reflectivity  factor  occurred  above  the 
peak  of  the  mean  Doppler  velocity  ^ as  would  be 
anticipated  from  the  theory  of  the  meltingband  (e.g.. 
Atlas,  1964).  Also  note  the  decrease  of  ^ below  its 
peak,  in  association  with  the  decreasing  reflectivity 
factor;  this  is  suggestive  of  particle  breakup.  Evap- 
oration of  particles  is  probably  not  occurring  here 
since  the  low-level  relative  humidity  is  high  (see  Fig.  3). 
The  vertical  incidence  observations  detected  precipita- 
tion to  greater  heights  than  shown  in  Fig.  6a  because 
uf  their  greater  sensitivity.  Also  note  the  rather 
large  values  of  ^ between  heights  of  2.S-3.5  km 
at  0424  and  at  ~5.2  km  at  0303.  These  are  suggestive 
of  downdrafts  of  ~l-2  m s~',  particularly  near 
5.2  km  at  0303.  Reference  to  Fig.  6a  shows  that  this 
corresponds  to  the  region  between  the  two  high-level 
trails.  Downdrafts  of  such  magnitudes  were  ob- 
served in  association  with  generating  cells  by 
Heymsfleld  (1975)  and  Carbone  and  Bohne  (1975). 

4.  General  features  of  the  wind  distribatioa 

a.  Radar  observations  and  analysis  methods 

In  this  ' .don  we  shall  present  the  general  char- 
acter!' .a  of  the  wind  structure  associated  with  the 
warm  frontal  region  as  deduced  from  the  radar  meas- 
urements. The  radars  scanned  in  the  so-called 
coplane  mode,  that  is,  each  radar  scatmed  in  a tilted 
plane  whose  rotatioD  axis  passed  through  the  radar  lo- 
cations. The  tih  of  the  copUme  was  varied  in  steps  of  1* 
starting  from  0^  to  an  angle  (-^KT)  large  enough  to  top 
most  of  the  precipitatioa  region.  A "volume  scan,” 
consisting  of  these  coplanes,  was  completed  in  about  3 
min.  The  radar  scans  were  synchronized  so  that  the 
two  radars  scanned  the  base  and  top  coplanes  ap- 
proximately simultaneously.  In  addition  to  the 
coplane  scans,  some  PPI  and  vertical  incidence  dau 
were  also  collected. 


The  wind  structure  can  be  deduced  from  the 
Doppler  radar  observations  on  a much  finer  scale 
than  is  possible  from  conventional  radiosonde 
observations.  The  principle  underlying  the  deriva- 
tion of  the  three-dimensional  wind  field  (u.v.w) 
from  the  Doppler  radar  observations  is  very  briefly 
as  follows.  Each  Doppler  radar  measures  the 
component  of  the  precipitation  velocity  iu,v,w  - V,) 
along  the  radial,  where  V,  is  the  average  terminal  fail- 
speed  of  the  precipitation  particles.  Thus,  we  have 
four  utUcnowns  (u.v.w. Vj)  and  the  two  measured 
radial  velocities.  In  order  to  deriv<i  «.  v.  w.  two 
constraints  are  needed.  In  this  work  an  assump- 
tion was  made  about  VV  (see  below)  and  the  equation 
of  continuity  was  used  as  the  second  constraint. 
Two  techniques  were  used  to  derive  the  three- 
dimensional  wind  fields.  A very  brief  description  of 
these  methods  will  now  be  given  (details  are  given 
in  Heymsfleld,  1978). 

In  the  first  method,  called  the  grid-point  method,  the 
analysis  region  centered  at  MDW  was  divided  into' a 
grid  with  horizontal  spacings  A.r  ■ Ay  » 1 .5  km,  paral- 
lel and  perpendicular  to  the  radar  baseline,  and  vertical 
spacing  A:  - 0.7  km.  The  radial  velocities  observed 
during  a volume  scan  were  assigned  to  a grid  point 
using  weighting  and  smoothing  functions  to  filter  scales 
of  motion  <3  km.  The  two  radirl  velocities  at  each 
grid  point  were  then  combined  to  obtain  u and  r,  here 
the  assumption  was  made  that  Vr  is  given  by  the  full 
curve  in  Fig.  5a  and  that  the  contribution  of  the 
vertical  air  velocity  to  the  radial  velocities  may  be 
neglected  (radar  elevation  angles  were  usually  less 
than  10*).  Horizontal  divergence  fields  were  then 
computed  and  w was  obtained  by  integrating  the 
divergence  vertically  assuming  w » 0 at  the  lowest 
observation  level.  Selected  results  of  the  grid  point 
analysis  are  presented  later  (Figs.  10.  II). 

In  the  second  method,  it  was  assumed  that  the 
wind  field  was  linear  over  the  analysis  region,  at 
any  given  height,  i.e.. 

M - Mo  ajc  + fry  I 
u ■ Po  + + dy  1 
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Fig.  8.  Schematic  of  pressure  perturbations  amj  wind  fluctua- 
tions below  warm  frontal  zone.  High  (H)  and  low  (L)  pressure 
regions  are  shown. 


wherewo,  I’o.a.  b.  c andd  are  functions  of  the  height. 
The  an^ysis  region  was  divided  into  100  m thick 
layers,  and  the  radial  velocities  from  the  two  radars 
were  used  in  a least-squares  fitting  procedure  to 
determine  Uo.  i'’o>  o,  b.  c and  d as  functions  of  the 
height.  From  a.  b,  c and  d,  the  horizontal  diver- 
gence, vertical  component  of  vorticity  and  deforma- 
tion of  the  linear  wind  field  were  determined.  The 
computed  values  represent  means  over  the  layer 
and.  consequently,  small-scale  air  motions  <25  km 
have  been  filtered. 

The  horizontal  velocities  determined  by  the  dual- 
Doppler  method  have  very  high  accuracy  for  our 
purposes,  where  < 20  cm  s*';  the  vertical  air 
velocities  are  not  as  accurate  and  |w)  < 20  cm  s~‘ 
should  be  viewed  with  caution. 

Before  proceeding  to  a discussion  of  the  wind 
distribution,  we  shall  discuss  the  location  of  the 
warm  frontal  zone. 

b.  Location  of  the  warm  frontal  zone 

The  location  of  the  warm  frontal  zone  is  sketched 
in  Fig.  9.  The  warm  frontal  passage  was  evident  in 
the  MDW  surface  observations  taken  at  0615,  and 
20-30  min  earlier  in  31  m tower  measurements  col- 
lected by  the  .-Krgonne  National  Laboratory  (AGN) 
which  is  located  -25  km  southwest  of  MDW  (see 
Fig.  T).  As  previously  mentioned  the  frontal  zone 
was  at  a height  of  0.7- 1.5  km  above  MDW  at  about 
0520  (Fig.  3).  These  considerations  give  a frontal 
slope  of  ‘'too.  similar  to  that  shown  in  Fig.  2a. 


c.  Discussion  of  the  wind  distribution 

A total  of  38  dual-Doppler  volume  scans  (in- 
dicated by  the  arrows  in  Fig.  6a)  were  used  in  the 
wind  analyses.  The  results  of  the  analysis,  by  the 
second  method  described  in  Section  4b,  are  pre- 
sented in  the  time-height  cross  sections  of  Figs. 
6b-6h  which  show  the  wind  sp-ied,  wind  direction. 
Vertical  air  velocity,  divergence  of  the  horizontal 
wind,  relative  vorticity,  deformation  of  the  hori- 
zon'al  wind  and  the  vertical  shear  of  the  horizontal 
wind,  respectively.  Dashed  lines  are  used  to  in- 
dicate regions  in  which  data  from  two  or  more  vol- 
ume scans  were  missing.  Note  that  each  calculated 
value  represents  an  average  over  a 27.5  km  by  40  km 
region.  Taking  account  of  the  speed  of  motion 
of  the  system,  this  corresponds  to  a time  span  of 
—30  min.  Thus  the  gradients  appearing  in  Fig.  6 are 
probably  underestimates  of  the  true  gradients. 

The  sloping  warm  frontal  zone  is  evident  in  Figs. 
6b  and  6c  by  wind  speed  in  excess  of  30  m s~‘  and 
veering  of  the  wind  between  190*  and  220*.  The 
most  striking  feature  of  the  warm  advection  above 
the  frontal  zone  is  the  strong  wind  speed,  with  two 
distinct  maxima  -5  m s*‘  larger  than  the  general 
frontal  ascent.  Note  that  these  maxima  occur  be- 
tween the  three  dominant  precipitation  bands  .A  1 , .A2 
and  A3  (cf.  with  Fig.  6a;  band  A3  occurs  beyond 
the  left  edge  of  this  figure).  In  association  with  the 
fluctuation  in  the  wind  speed,  there  is  a fluctuation 
in  the  wind  direction,  with  a tendency  for  lower 
wind  directions  to  occur  above  the  A bands  near 
the  surface.  Oscillations  of  smaller  magnitude,  both 
in  the  wind  speed  and  direction,  also  occur  below 
the  melting  band. 

The  vertical  velocity  in  Fig.  6d  shows  a zone  of 
upward  velocity  -25-30  cm  s'*  in  a zone  1.5  km 
thick  along  the  warm  front.  This  implies  a venical 
displacement  of  about  3 km  over  a 3 h period,  con- 
sistent with  the  position  of  the  frontal  zone  in  Fig.  9. 
Above  the  frontal  zone,  the  vertical  air  velocity 
displays  a distinctly  cellular  structur-  Note  that 
maxima  of  upward  air  motion  occur  slightly  upwind 
of  low-level  reflectivity  maxima  associated  with 
bands  A1  and  A2.  Similarly,  the  downward  air  mo- 
tions correspond  to  the  minima  of  reflectivities  be- 
tween these  bands.  Here  it  should  be  mentioned  that 
regiojjs  of  downward  air  motions  may  not  have  been 
well  observed  because  of  the  low  reflectivities  as- 
sociated with  them. 

The  maximum  magnitudes  of  the  divergence, 
deformation  and  vorticity  are  several  times  10"^ 
s"‘,  i.e.,  about  an  order  of  magnitude  greater  than 
typical  synoptic-scale  values.  Panicular  atten- 
tion is  drawn  to  the  occurrence  of  the  two  regions 
of  large  convergence  in  the  lower  levels  between 
the  three  major  bands  Al,  ,A2  and  .A3.  This  feature 
is  discussed  later. 

The  vorticity  is  generally  positive,  although  there 
are  some  small  pockets  of  negative  vorticity  (Fig. 
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equivalent  SPAcr.  scale  (km) 


Fic.  9.  Schematic  of  warm  froatal  itnicture  over  MOW.  Thick  jolid  lines  enclose  warm  frontal  zone.  Streamlines  are  shown  for 
large-scale  froat  relative  flow  (solid  lines),  and  secondary  circulations  relative  to  front  (dashed  lines).  Radar  cloud  tops  (scalloping) 
and  time  of  vertical  incidence  observations  ( V)  are  shown. 


6f).  Note  the  transition  in  the  direction  of  the  de- 
formation through  the  frontal  zone- 

The  magnitude  and  direction  of  the  vertical  shear 
of  the  horizontal  wind  are  shown  in  Fig.  6h.  Again 
note  the  transition  in  the  wind  shear  through  the 
frontal  zone.  Above  the  frontal  zone,  we  can  apply 
the  thermal  wind  equation 

av,/dr  = Xk  X + 1 ~ V,  o 
/ i T az 

to  derive  the  horizontal  gradient  of  the  temperature 
In  the  above  equation,  V,  is  the  geostrophic 
wind  velocity, : the  height,  k the  unit  vertical  vec- 
tor, g the  acceleration  of  gravity  and  / the  Coriolis 
parameter.  We  shall  neglect  the  last  term  in  the 
above  equation.  The  resulting  relationship  between 
|dV,,'d:|  and  |V«r|  with  T « 273  K is  displayed 
in  the  top  left-hand  comer  of  Fig,  6h.  .Assuming 
dV,;d:  = d\idz,  where  V is  the  neasured  horizon- 
tal wind  velocity,  we  find  \ V„T\  » O.TC  (10  km)“*. 
with  warmer  air  to  the  west-southwest  (see 
in  Fig.  9).  The  computed  V^T  is  in  general  agree- 
ment with  the  large-scale  gradient  of  temperature 
in  Fig.  la  (note  the  -5°C  isotherm  and  the  gradient 
of  temperature  implied  by  the  temperatures  across 
the  isotherm  in  the  general  area  of  the  radar  observa- 
tions). Also  note  that  the  shear  vectors  (and  hence 
isotherms)  and  dilatation  axes  are  generally  parallel 
above  the  frontal  zone.  This  implies  a frontogenetic 
effect  which  will  be  discussed  further  in  Section  6. 

Some  of  the  characteristic  features  of  the  reflec- 
tivity, wind  and  divergence  patterns  in  the  lower 
levels  can  be  understood  in  terms  of  certain  inter- 
actions between  microphysics  and  dynamics  first 
discussed  by  Atlas  et  al.  (1%9).  The  melting  of  ice 
particles  below  the  0”C  isotherm  cools  the  air  and 
tends  to  produce  a 0*C  isothermal  layer.  Since  the 
rate  of  cooling  should  increase  with  the  rate  of 
precipitation,  we  can  anticipate  greater  cooling  in 
association  with  the  bands  .Al , A2  and  .A3.  If  the  pres- 


sure above  the  0°C  level  is  undisturbed,  higher  pres- 
sures can  be  expected  underneath  the  bands.  This 
is  schematically  illustrated  in  Fig.  8.  This  distribu- 
tion of  pressure  will  give  rise  to  perturbations  in 
the  air  flow.  We  consider  two  extreme  cases.  In  the 
absence  of  the  Coriolis  force,  the  region  between 
i.I'.*  bands  would  be  a region  of  convergence.  The 
convergent  flow  would  imply  a backing  and  veering 
of  the  wind  (relative  to  the  mean  horizontal  wind) 
behind  and  ahead  of  the  band,  respectively.  In 
the  other  extreme,  we  consider  the  perturbation 
winds  to  be  completely  adjusted  to  the  Coriolis 
force.  This  is  the  case  illustrated  in  Fig.  8.  In 
this  case,  there  would  be  no  convergence  but  the 
winds  would  back  and  veer  as  in  the  previous  case. 
In  the  real  situation  the  perturbation  winds  would 
probably  be  in  between  the  two  extremes  discussed 
considering  the  lifetime  of  the  bands  (many  hours). 
Fig.  6e  shows  that  there  was  pronounced  con- 
vergence between  the  two  bands.  Backing  and 
veering  of  the  winds  between  the  bands  also 
occurred.  This  was  verified  by  plotting  the  wind 
directions  at  a constant  height  below  the  0°C  level. 
A fluctuation  of  the  anticipated  kind  was  found 
superposed  on  a general  trend  of  variation.  The 
wind  direction  variation  is  also  supported  by  the 
records  of  the  .AON  tower  observations  (see  Fig.  7) 
which  also  shows  the  passage  of  the  frontal  sur- 
face near  .AON. 

From  the  above  figures,  we  have  constructed  a 
schematic  of  the  vertical  circulations  associated  with 
the  warm  front  (Fig.  9).  The  streamlines  are  per- 
pendicular and  relative  to  the  A bands  and  were 
obtained  from  an  analysis  of  Fig.  6.  These  show  up- 
gliding  motion  over  the  front.  Secondary  vertical 
circulauons  are  shown  above  the  warm  front,  as 
inferred  from  the  maxima  of  wind  speed  and  vertical 
motion  in  this  region.  Also  shown  are  the  circula- 
tions produced  by  melting  of  precipitation  below  the 
d*C  level. 

It  has  been  shown  by  Eliassen  ( 1962)  and  Sawyer 
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Fic.  10.  Cnd-pomt  analytis  u 0224  CST  of  thr«c-4iincnsion»l  winds  wid  reflecuvuy  The  analysis  region  is  shown  by 
small  box  m Fig.  Suppling  in  reflectivity  fields  indicate  band  M.  Wind  vectors  are  plotted  at  3 km  intervals;  the 
pcrturbauon  wind  vector  was  obtained  by  subtracung  the  layer  mean  wind  vector.  Vertical  velocity  »0.  J m s"'  is  indicated 
by  horizontal  hatching.  Center  of  analysis  region  is  at  MOW. 
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(1956)  that  in  the  presence  of  a deformation  field 
acting  to  produce  frontogenesis,  vertical  circulations 
must  be  set  up,  to  balance  the  thermal  wind.  For 
warm  fronts,  Eliassen  suggests  that  ai~.  indirect  verti- 
cal circulation  forms.  The  indirect  vertical  circula- 
tion associated  with  the  warm  front  in  the  present 
case  is  perhaps  similarly  caused,  although  here  we 
also  have  secondary  vertical  circulations  with  a 100 
km  horizontal  scale  superposed  on  the  general  warm 
frontal  ascent. 


5.  Detailed  structure  of  the  precipitation  bands 

Fig.  10  shows  the  detailed  structure  associated 
with  the  precipitation  band  Al.  The  reflectivity  and 
the  winds  are  shown  in  this  figure.  Note  the  strong 
correlation  between  the  band  at  3.3  km,  the 
vertical  air  velocity  at  4.7  km,  the  line  of  con- 
vergence at  4.7  km,  and  the  near  discontinuity  in 
the  perturbation  wind  field  at  4.7  km.  Fig.  1 1 shows 
a summary  at  0224  of  the  3.3  km  kinematic  proper- 
ties for  band  Al.  Note  the  linear  organization  of 
the  vorticity , deformation  and  horizontal  shear  along 
the  band  direction;  the  component  of  the  band 
relative  motion  is  directed  along  the  band.  Cyclonic 
vorticity  is  present  downwind  of  the  band.  This  figure 
shows  the  high  degree  of  organized  motion  associ- 
ated with  the  precipitation  bands. 


6.  Calculations  of  ageostrophic  winds,  frontogei.esis 
and  vorticity  production 

Some  tentative  diagnostic  calculations  of  the 
ageostrophic  winds,  frontogenesis  and  vorticity  pro- 
duction will  now  be  presented.  As  mentioned 
earlier,  the  horizontal  winds  have  high  accuracy, 
while  the  vertical  velocity  is  less. reliable.  Also, 
thermodynamic  measurements  were  limited  to  a 
much  larger  scale.  Therefore,  we  are  able  to  evalu- 
ate magnitudes  of  terms  which  consist  of  the  hori- 
zontal winas.  and  with  lesser  accuracy  the  ones 
associated  with  the  vertical  wind  component. 

The  ageostrophic  wind  is  given  by 


/ dv  av 

1 dr  ^ “ dx 


dV 

ay 


dV 
-t-  w — 

d: 


(3) 


where  T is  an  acceleration  due  to  turbulent  momen- 
tum transfer.  The  radar  observations  were  re- 
analyzed so  as  to  compute  time  and  space  deriva- 
tives of  the  horizontal  wind  at  0224.  0234.  0318  and 
0330  (details  are  given  in  Heymsfield,  1978)  similar 
to  the  second  method  in  Section  4a  except  using 
five  volume  scans.  The  ageostrophic  wind  was 
then  calculated  by  assuming  T * 0;  the  geo- 
strophic  wind  was  computed  from  V,  - V - 
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Fig.  II.  Summary  of  3.3  km  altitude  kinematic  properties  at 
for  band  Al.  Winds  relative  to  band  A I motion  are  super- 
posed. 
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The  values  of  mid-level  ageostrophic  and  geo- 
strophic  wind  were  of  the  order  of  -50  and  70  m s~K 
respectively.  The  ageostrophic  wind  was  such  that 
the  mid-level  air  flow  upstream  of  the  warm  front 
(see  Fig.  9)  was  strongly  decelerated.  The  ex- 
cessively high  values  of  these  winds  are  unrealistic, 
however.  This  points  to  the  possibility  of  errors  in 
the  estimation  of  the  derivatives  in  (3).  Also,  organ- 
ized small-scale  motions  (such  as  those  associated 
with  A bands  and  smaller)  represented  by  T,  have 
been  ignored  in  the  calculation  because  of  an  inade- 
quate knowledge  of  the  turbulence  structure.  Rough 
estimates  of  T were  made  by  considering  venical 
momentum  transport  by  A bands.  This  term,  how- 
ever. was  found  to  be  of  order  10'^  s"'.  and  thus 
too  small  to  balance  other  terms  in  (3). 

During  the  period  of  the  radar  observations,  the 
surface  warm  front  in  the  3 h maps  was  in  an  in- 
tensifying stage.  After  the  radar  observations,  the 
1800  synoptic  maps  showed  an  intensification  of 
the  warm  front  at  850  mb.  The  frontogenesis  as- 
sociated with  the  warm  front  was  therefore  examined 
according  to  the  frontogenesis  equation  I Miller. 
1948).  This  equation  gives  a diagnostic  relation  be- 
tween the  three-dimensional  potential  temperature 
gradient  expressed  by  the  frontogenesis  factor  F 
(■d!Vd|;<if),  and  the  wind  and  potential  tempera- 
ture structure,  where  V is  the  three-dimensional 
gradient  operator.  F > 0 implies  frontogenesis. 
F < 0 corresponds  to  frontolysis.  Since  both  the 
horizontal  and  venical  gradients  of  $ and  the  orien- 
tation of  isentropes  are  inadequately  known  in  the 
frontal  zone,  we  attempt  to  show  here  some  simple 
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deductions  from  Figs.  6e  and  6g.  The  intensifica- 
tion of  the  magnitude  of  the  horizontal  gradient 
of  6 from  convergence  and  deformation  is  expressed 
by  Haltinerand  Martin  (1957.  Eqs.  (17)  and  (18))  by 

F - -VilV„9|(D  cos2^  + 5).  (4) 

where  5 is  stretching  deformation.  D is  horizontal 
divergence  and  is  the  angle  between  the  axis  of 
contraction  and  V^d.  Frontogenesis  is  favored  when 
there  is  convergence  (D  < 0)  and  isentropes  are 
oriented  within  '-AS’  of  the  dilatation  axis.  Gener- 
ally, Vh9  is  slightly  larger  than  when  the  pres- 
sure surfaces  are  not  highly  sloped.  Here,  the  as- 
sumption is  made  that  *•  0.1  K (10  km)  ‘.  and 
of  similar  direction  to  in  Fig.  9.  Also.  = 0 
is  assumed  as  is  probably  perpendicular  to 
the  warm  front  and  the  axis  of  dilatation.  From 
Figs.  6e  and  6h.  during  the  period  0212-0330  the 
frontogenesis  contribution  due  to  convergence  and 
deformation  was  about  10-20  x 10‘‘ Ks'MlOkm)*' 
in  the  frontal  zone  region.  Note  that  Fig.  1 1 suggests 
values  appro.ximatcly  twice  as  large.  By  integration 
of  (4),  the  doubling  time  of  was  estimated 

in  the  range  2-4  h.  The  contribution  to  F due  to 
tilting  of  isentropes  is  also  important  on  the  scale 
of  these  observations.  The  tilting  term  is  probably 
important  m the  observations  because  of  the  indirect 
circulation  associated  with  the  warm  front.  Very 
rough  estimates  from  the  soundings  and  Figs.  6d  and 
10  suggest  that  near  the  frontal  zone,  this  term  is 
approximately 

••  -5  K km"'  X -0.05  m s"'(10  km)"' 

* -t-250  X 10"«  K s"'(I0  km)"'. 


Thus,  both  terms  arc  frontogcnctic.  The  tilting  term 
magnitude  is  about  an  order  of  magnitude  larger  than 
the  convergence  term,  but  should  be  viewed  with 
caution  because  of  the  uncertainty  in  dff/dz  and 
dwidx.  Typical  values  reported  by  Bosart  (1970)  for 
mid-tropospheric  frontogenesis  in  two  dimensions 
were  about  20  x 10'*  K s"'(  10  km)"',  similar  to  the 
above  estimates  for  a warm  frontal  case. 

The  vertical  component  of  vorticity  equation  is 
given  by 


Jt 


-li  -/)V  V 


k 


- k (Va  X Vp)  - D.  i5) 

where  a = 1 p.  The  terms  on  the  nght  side  of  '5i 
are  the  divergence,  tilting,  solcnoidal  and  turbu- 
lence terms,  respectively  Cjlculations  of  the  diver- 
gence term  using  Figs.  6e  and  6f  give  jes  in  the 
range  --.to  11  ' 10"‘ s"^  with  largest  pos.tive 
values  occumng  within  the  frontal  zone  and  par- 
ticularly near  the  upward  motion  associated  with 


band  A 1 ; the  grid  point  method  of  Fig.  10  gave  slightly 
larger  values.  Preliminary  calculations  of  the  tilting 
term  using  the  grid  point  analysis  (Fig.  10)  gave 
magnitudes  about  -t-10"’s"*  along  band  Al.  The 
sum  of  the  two  terms  deduced  from  Fig.  10  resulted 
in  cyclonic  vorticity  production  of  order  10"'  s"’ 
slightly  downwind  of  band  Al.  This  magnitude  of 
vorticity  production  acting  on  the  same  air  par  ri 
for  1 h would  increase  the  absoi  • vorticity  ^y 
~3  X iO"’  s*'  This  is  considerably  larger  than 
changes  of  vorticity  suggested  from  Fig.  6.  Note  that 
we  have  neglected  the  solenoidal  term — the  vertical 
circulations  and  small-scale  motions  arc  probably 
important  in  regard  to  this  term  and  also  the  tilting 
term.  Also,  the  residence  time  of  an  air  parcel  in  a 
strong  vorticity  production  regie  n may  be  shorter 
than  1 h.  especially  since  the  honzontal  component 
of  the  upgliding  air  motion  is  -10  ms"'  larger 
than  the  movement  of  the  frontal  zone. 

7.  Concluding  remarks 

The  paper  has  presented  dual-Doppler  radar 
observations  from  a banded  precipitation  event  as- 
sociated with  a warm  front.  The  three  major  precipita- 
tion bands,  having  a spacing  about  100  km  (called 
•A  bands)  were  found  to  originate  in  a layer  -2.5  km 
thick  located  just  above  the  warm  frontal  zone. 
Some  insight  regarding  the  relation  between  these 
precipitation  bands  and  the  dynamics  of  the 
warm  front  were  deduced  from  the  observations. 
Two  secondary  wind  circulations  were  found  to  be 
associated  with  the  .A  bands.  The  first  type,  located 
above  the  warm  frontal  zone,  produced  lines  of 
vertical  motion  which  presumably  resulted  in 
regions  favorable  to  a more  rapid  growth  of  ice 
particles,  which  were  descending  from  a higher 
level.  Below  the  frontal  zone  and  0°C  level,  another 
circulation  was  apparently  produced  by  pressure 
perturbations  that  were  set  up  by  the  melting  of  ice 
panicles,  similar  to  that  suggested  by  the  theory 
of  .Atlas  et  ii/  (1969). 

The  mcsoscale  circulations  deduced  from  the  ob- 
servations transport  honzontal  momentum  verti- 
cally. and  hence  probably  have  an  important  effect 
on  the  large-scale  dynamics  The  diagnostic  calcula- 
tions of  ageostrophic  and  geostrophic  winds  in  Sec- 
tion 6 suggest  that  in  further  work,  we  should  sepa- 
rate these  mesoscale  air  motions  from  the  large-scale 
flow,  and  carefully  consider  this  mesoscale  mo- 
mentum transfer  in  the  diagnostic  calculations  The 
overall  warm  frontal  circulation  presented  in  Fig.  9 
shows  some  resemblance  to  an  indirect  circulation 
foi  warm  fronts,  as  suggested  by  Eliassen  il96.'). 
on  which  secondarv  circulations  on  a smaller  scale 
arc  superposed  The  long  duration  i - 8 h<  of  the  A 
bands  suggests  the  deduced  mesoscale  circulations 
also  have  a long  lifetime.  Interestingly,  these 
bands  moved  sim.ilar  to  motion  of  the  s\  noptic 
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system,  and  **1S  m s~'  slower  than  winds  in  the 
initiation  layer  of  A bands.  The  horizontal  scale 
and  phase  speeds  of  these  bands  is  similar  to  the 
observations  of  New  England  precipitation  bands  by 
Marks  (1975).  Lindzen  and  Tung  (1976)  explain 
Marks'  observations  in  terms  of  ducted  gravity 
waves.  We  were  unable  to  verify  whether  the 
circulations  here  are  due  to  gravity  waves  or  an 
instability  associated  with  the  intensifying  warm 
front  because  of  inadequate  thermodynamic  data. 
These  observations  point  to  the  necessity  of  highly 
detailed  soundings  perhaps  every  15  min,  and  air- 
craft data,  in  cor\junction  with  the  radar  obser- 
vations. 
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AN  OBJECTIVE  METHOD  FOR  FORECASTING  TROFICAL  CYCLONE 
INTENSITY  AND  MOTION  USING  NIM6US4  E8MR  MEASUREMENTS 
AND  NON-SATELLITE  DERIVED  DISCRIFTDRS 


H E.  Hunttr,  ADAPT  Strvicn  Corporation,  fitading,  Mmuhomm 
E.  B.  Rodgan  and  W.  E.  Shank,  Goddard  Spact  Plight  Cantor,  Grar  alt, 
Maryland 


An  empirical  analyst  program,  bated  on  finding  an  optimal  repreaentation 
of  the  dtta,  hat  been  applied  to  1 20  obaervationt  of  29  1973  and  1974 
North  Paciflc  tropical  cyclonet.  Each  obtervation  contlatt  of  a field  of 
Nimbua-5  Electrically  Scanning  Microwave  Radiometer  radiation  meuure- 
mentt  at  267  grid  pointt  covering  and  turrounding  the  tropical  cyclone 
plut  nine  other  non-aatellite  derived  diacriptort.  Forecast  algorithms  to 
estimate  storm  intensity  and  motion  at  1 2, 24, 48,  and  72  hours  after  each 
observation  have  been  developed  using  an  independent  eigen  screening 
analysis.  TheK  algorithms  were  bated  on  best  track  data.  Independent 
testing  of  these  algorithms  she  wed  that  the  performance  of  most  of  Uiaae 
algorithms  were  better  than  persistence  and  the  algorithms  forecasting  24, 
48,  and  72  hour  maximum  wind  speed  were  better  than  thoec  made  oper- 
ationally by  the  Joint  Typhoon  Warning  Center  for  1973  and  1974  that 
did  not  use  best  track  data. 
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AN  OBJECTIVE  METHOD  FOR  FORECASTING  TROPICAL 

CYCLONE  INTENSITY  USING  NIMBUS-5  ELECTRICALLY 

SCANNING  MICROWAVE  RADIOMETER  MEASUREMENTS 

Herbert  E.  Hunter 
ADAPT  Services  Corporation 
Reading.  MASS  01867 

Edward  B.  Rodgers  and  William  E.  Shenk 
Goddard  Space  Flight  Center 
Greenbeit,  MD  20771 

ABSTRACT 

An  empirical  analy^  s program,  based  on  finding  an  optimal  representation  of  the  data,  has  been 
apidied  to  1 20  obeetvacions  of  29  1 973  and  1 274  North  Pacific  tropical  cyclones.  Each  observation 
consisti  of  a field  of  Nimbus-S  Electrically  Scanning  Microwave  Radiometer  (ESMR-S)  radiation 
measurements  at  267  grid  points  covering  and  surrounding  the  tropical  cyclone  plus  nine  other 
non-satellite  derived  descriptors.  Forecast  algorithms  to  estimate  the  iraximum  wind  speed  at  12, 24, 
48,  and  72h  after  each  observation  were  developed  using  three  bases: , the  non-satellite  derived 
descriptors,  the  ESMR-S  radiation  measurements,  and  the  combination  of  the  two  data  bases.  In- 
dependent testing  of  these  algorithms  showed  that  the  average  error  made  by  algorithms  developed 
from  all  three  bases  was  less  than  the  average  error  made  by  the  persistence  24, 48,  and  72h  maxi- 
mum wind  tptei  forecast  and  less  than  the  average  errors  made  operationally  by  the  Joint  Typhoon 
Warning  Center  (JTWQ  48  and  72h  maximum  wind  speed  forecasts.  The  algorithms  developed 
from  the  ESMR-5  base  alone  outperformed  the  JTWC  operational  forecast  for  the  48  and  72h 

maximum  wind  qwed.  Abo,  the  ESMR-S  da  . ase,  adien  combined  with  the  non-satellite  base, 
produced  algorithms  that  improved  the  24  and  48h  maximum  wind  speed  forecast  by  as  much  as 

10  percent  and  the  72h  maximum  wind  forecast  by  approximately  16  percent  as  compared  to  the 

forecut  obtained  from  the  algorithms  developed  from  the  non-satellite  data  base  alone. 
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Reprinted  from  Geophysical  Research  Letters,  Mol.  5,  No.  1,  January  1978. 

STEKEOGRAPHIC  CLOUD  HEIGHTS  FROM  IMAGERY  OF  SMS/GOES  SATELLITES 


R.  A.  Mlnzncr^,  U.  £.  Shciik^, 

‘Coddtrd  Sp«ct  Fll^t  C«aC*r 
^Defense  Mapping  Agency,  Tapcgrephlc  Center 
^General  Electric  Compeny,  5050  Fovder 

Abatrect.  Stercographlc  pairs  of  SMS/GOES 
inages,  generated  slaultaneousXy  by  the  spin-scan 
cameras  of  each  of  tvo  geostationary  satellites 
(SMS  I and  oMS  2,  separated  by  32  degrees  of  lon- 
gitude on  February  17,  1973),  have  been  analyzed 
photogrammctrlcally  to  yield  cloud  heights  with  a 
two-slgma  uncertainty  of  300  meters.  The  32- 
degree  angle  between  the  Image  plane  of  the  two 
satellites,  plus  the  distortions  Involved  in 
transferring  the  image  of  a nearly  full  hemi- 
sphere of  the  earth  onto  a plane,  required  the 
development  of  a special  Instrument  to  permit 
stereographic  compilation.  Cloud  heights  meas- 
ured stereographlcally  compared  favorably  with 
heights  of  Che  same  clcudc  measured  oy  radar  and 
IR  methods.  The  same  SMS  image  pairs  were  used 
to  measure  mountain-top  heights  with  a mean  devi- 
ation of  0.21  km  from  cartographic  values. 
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from  temperature-height  soundings,  particularly 
for  heights  near  or  above  the  tropopause  IRao, 
1970;  and  DeCotlls  and  Conlan.  1971).  Therefore, 
some  other  more  precise  methods  for  cloud-height 
determination  would  greatly  enhance  the  utility 
of  SMS/GOES  imagery. 

Method  and  Results 

The  launch  of  SMS  2 in  February.  1975  with  an 
initial  subsatclllte  point  of  about  107  degrees 
west  longitude,  while  SMS  1 was  located  at  75 
degrees  west,  provided  an  opportunity  for  genera- 
tion of  pairs  of  SMS  Images  from  which  cloud 
heights  might  be  extracted  stereographlcally.  (A 
subsatellite  point  of  any  particular  satellite  is 
the  point  of  Intersection  of  the  surface  of  the 
earth  and  the  line  between  the  satellite  and  Che 
earth's  center).  The  suggestion  of  obtaining 


The  study  of  tropical  cyclones  and  severe 
thunderstorms  has  been  greatly  enhanced  by  the 
availability  of  imagery  of  cloud  fields  observed 
from  geosynchronous  satellites  such  as  ATS,  SMS, 
and  more  recently  GOES.  The  measurements  of 
cloud-motion  vectors  from  successive  full-scan 
images  obtained  at  the  normal  30-minute  interval 
by  means  of  the  ATS,  SMS,  and  GOES  sensors  have 
permitted  the  inference  of  general  wind  fields 
over  extensive  portions  of  Che  globe  [Young  et 
al.  , 1972;  Hubert  and  Whitney.  1974;  Hussey  and 
Shenk.  1976).  Limited-scan  images  obtained  at  a 
repetition  rate  equal  to  or  less  than  7.5  minutes 
from  these  satellites  has  led  to  more  detailed 
circulation  Information  [Gentry  et  al..  1976]. 
Accurate  cloud-height  information  applied  to  the 
cloud-motion  vectors  would  improve  the  circula- 
tion Information,  and  could  also  benefit  Che 
determination  of  temperature  and  moisture  pro- 
files obtained  from  radiance  sounding  measure- 
ments. The  simultaneous  SMS /GOES  infrared 
imagery  which  yields  radiance  temperatures  of  the 
tops  of  opaque  clouds  provides  some  information 
regarding  the  height  of  these  cloud  tops  [Fritz 
and  Winston.  1962;  and  Rao  and  Winston.  1963). 

For  a number  of  reasons  the  values  of  the  cloud- 
top  heights  (particularly  of  cloud  cowers)  in- 
ferred from  IR  data  are  subject  to  large  uncer- 
tainties. These  include  the  following;  the  lim- 
ited spatial  resolution  of  Che  IR  sensor,  8 km 
compared  with  0.8  km  for  the  visible  resolution 
[Hussev  and  Shenk,  1976);  the  limited  response 
time  of  the  IR  sensor  [Xegrl . 1976]:  the  unknown 
opacity  of  various  clouds  [Rao.  1970;  DeCotlls 
and  Conlan.  1971;  Shenk  and  Curran.  1973;  and 
Young.  1973];  and  the  possible  ambiguity  In 
heights  associated  with  temperatures  obtained 
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Fig.  lA.  Sketch  of  stcreographlc  viewing  and 
rectifying  equipment  consisting  of  a stereo- 
scope mounted  over  a two-part  viewing  table, 
one  part  of  which  is  blaxially  cllcablc. 

B.  Sketch  of  micrometer-coupled  float- 
ing spot  for  measuring  height  in  stereo  model 
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f{^  >90Vt  10  000 
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Fi|.  2.  Kova  Scocta  and  aurro”ndla|  araaa 
locludtoi  cha  tctraog raphlcally  aaaaurad 
halfhct  (In  hundrada  of  aacara)  of  naarby 
clouda  located  aa  far  aa  67*  of  |raac-clicla 
arc  fr^a  tha  aubaacalllca  point  of  cha  aora 
raaota  aacalllca,  S16  2. 


ahlla  Cha  flxad  aactloa  haa  a paacogtaph.  Tha 
two  laagaa  of  Cha  atarao  pair  ara  placad  alda  by 
alda  In  Cha  propar  aa^uanea  aleog  cha  coaaoo  a 
axla  of  both  Iomm.  Thia  aala  la  daflnad  to  ba 
parallal  to  tha  llaa  batwaaa  tha  two  aubaacalllca 
petnca.  Tha  Inaga  uhoaa  aubaacalllca  point  la 
aaaraat  cha  cloud  of  Intaraat  la  placed  on  cha 
tilting  cablat  which  la  cUtad  alaailcanaoualy  in 
aach  of  two  nucually  parpandlcular  aaaa,  a and  y, 
auch  that  for  anna  aaall  araa  of  Incaraac,  cha  y 
parallaa  la  allnlnatad  fren  tha  Inaga  pair.  For 
chla  linlcad  araa,  tha  nodal  can  ba  vlawnd  acara- 
oocoplcally  by  cha  oparatoc,  and  crua  cloud 
halghca  can  ba  doducad  fron  cha  ranalnlng  a par- 
allaa.  Thla  la  dona  by  naaaurlng  cha  apparant 
Haight  of  cha  cloud  la  tha  atarao  nodal  wlch  cha 
nlcroaatar-concrollad  rafaranca  apoc  daplctad  In 
Figure  1>,  and  acallng  that  nodal  bolght  to  true 
height  In  accordanco  with  an  approprlata  algo- 
rlthn.  Thia  algorlchn  accounca  for  Cha  curvacura 
of  tha  earch  batvaao  tha  aaa-layal  rafaranca 
point,  fron  which  tha  cloud  height  la  being  naaa- 
urad,  and  cha  aubaacalllca  point  of  cha  nora  ra- 
noca  aacalllca.  With  the  aid  of  Chaaa  davlcaa, 
cloud-top  halghca  wara  naaaurad  within  a 2-algna 
lAcarcalncy  of  about  fSOO  aacara,  l.a.,  90S  of  a 
aerlaa  of  rapacltive  readlnga  of  cha  aana  cloud 
faatura  agreed  to  within  t^OO  aacara  [Mlnanar  at 
jl.,  1976,  and  Taatla.  1976]. 

Tha  tcchalqua  daacrlbad  abowa  pamlttad  cha 
contouring  of  cloud  flalda  owar  axtanalva  por- 
clona  of  tha  waacam  haalaphara.  A aavpla  con- 
pllatlon  la  ahown  to  Figure  2.  In  chla  figure, 
depleting  tha  Gulf  of  Sc.  (.awranca  and  aurround- 
ing  land  naataa  Including  Mova  Scotia,  cloud 


cloud  halghca  fron  SKS  laagaa  waa  foatarad  by  the 
auccaaa  at  obtaining  cloud  halghca  fron  phoco- 
grapha  obtained  during  one  orbit  of  tha  unaannad 
Apollo-6  latalllta  [Shank.  1971;  Shank  and  Holub. 
1971:  Shank  at  al. ■ 1975;  Shull  at  al..  1976;  and 
Shank  and  Taatla.  1977] . 

SCeraographlc  palra  of  Inagaa  ware  obtalnad  by 
aynchronlzlng  cha  SHS-2  apln-acan  canara  with 
chat  of  SI6  1 ao  that  tha  norcham-noat  llab  of 
the  earth  waa  viewed  by  both  aatallltaa  within  a 
few  aacooda  of  each  othar.  With  thin  adjuacnanc, 
both  caneraa  continued  to  view  cha  aana  latitude 
bara  of  cha  earth  within  a faw  aaeonda  of  aach 
othar  over  cha  anclra  north  to  aouch  atapplng  of 
cha  caneraa.  Thua,  even  though  It  takea  20  nin- 
ucaa  for  a full-dlak  Inaga  to  ba  generated , tha 
corresponding  portions  of  tha  Images  ganaratad  by 
cha  two  canaras  rsprasanc  aasantlully  slnultana- 
oua  plcCuraa  of  Idanclcal  awatha  of  cloud  flalda. 
This  raqulranent  for  slwilcanalcy  la  naadad  to 
ovarcona  falsa  cloud  halghca  due  to  cloud  notion, 
which  would  occur  bacwaen  non-slnulcanaoua 
tnapea. 

The  12-depraa  angle  between  cha  Inaga  plana  of 
tha  SKS-1  ainsors  and  that  of  tha  S16-2  sanaors, 
plua  cha  fact  chat  both  Images  rapraaani  a crans- 
formacloo  of  a osar  haalspharlc  surface  onto  a 
plana  surface,  caused  problems  In  making  tha 
scaraographlcal  analysis.  A specially  daslgnad 
SMchanlcal-opclcal  InsCruisant  daplctad  In  Figure 
lA  provided  a solution  to  chasa  problems.  This 
instriaanc  consists  of  ao  Old  Dalft  staraoscopa 
mounted  over  a cwo-sacclon  light  cable,  one  tac- 
tion of  which  hat  a biaxial  clltlr.g  machanltm. 


Fig.  1.  Narcacor  projacclor.  of  cha  Waacam 
Hanlsphara  showing  limits  of  cha  araa  owar 
which  heights  can  ba  naaaurad  reliably  fren 
Images  ganaratad  tlnulcaoeously  by  St6/(X)ES 
sacallltas  over  tha  tpaclflad  locations. 


401 


Mlntnar  *t  »!.:  Sttwotmphlc  Cloud  Holfht* 


■uoM  «r«  grouptd  Into  thro*  hoight  rugoa.  with 
tha  halghta  of  partleular  (aaturaa  dastgnatad  In 
hundrada  of  Mtora.  Tha  vtavpolnt  of  thia  Imago 
la  from  SHS  2 at  107  dograaa  woat,  and  tha  eo»> 
ptlatlon  of  .loud  halghta  In  thla  laaga  provldad 
tha  baala  for  oatlaatlng  tha  llmlta  of  tha  raglon 
ovar  which  thla  particular  taehnlqua  of  eloud- 
hal^t  ataraographjr  la  appllcabla.  Thla  Halt 
appaara  to  ba  ^out  67  dagraaa  of  graat-clrcla 
arc  from  tha  aora  ranota  aubaatalllta  point,  and 
paraita  tha  daflnltlon  of  tha  antlra  raglon  ovar 
which  tha  cloud-halght  ataraography  la  appllca- 
bla. for  tha  location  of  tha  two  aatallltaa  on 
Fabruary  17,  1975,  this  raglot  la  daflnad  by  tha 
araa  on  tha  aarth'a  aurfaca  daplctad  In  Flgura  3. 

Accuracy  of  Hathod 

Tha  ataraographlc  analyais  of  an  actlva  atom 
ovar  tha  aouthoascam  Onitod  Statas  provldad  an 
Intaraatlng  aat  of  cloud-top  halghta  which  in 
Tabic  I arc  coaparad  with  a act  of  cloud  halghta 
obtained  by  ground-baaad  radar  and  with  a sat  of 
cloud  heights  obtained  from  aatcllica-Masurad 
Infrared  radiances.  Tha  general  agraaaant  and 
the  nature  of  the  man  systaaaclc  dlfferances 
botwaen  these  sets  provides  validity  to  the 
stereo  heights.  The  radar  heights  are  consis- 
tently found  to  ba  about  one  klloaater  lower 
than  tha  steraographlc  heights,  with  a oaan  dif- 
farcnca  of  about  -1.16  ka,  and  a standard  devia- 
tion of  0.83  ka.  This  dlffarance  Is  accoiuitabla 
by  tha  fact  chat  radar  echos  of  clouds  reprasant 
primarily  a rcflactlon  from  precipitation  rather 

TABLE  I 

Comparison  of  Radar-  and  IR-Darlvad  Cloud-Top 

Heights  with  Scsraographlcally  Derived  Values 
for  Particular  Clouds  ovar  Southcascem  U.S. 
at  1900Z  on  Fabruary  17,  1975 


Cloud 

Stereo 
H (ka) 

Radar 
li  (ka) 

dh 

h-H  (ka) 

IR 

h (ka) 

dh 

(i-H  (ka) 

A 

14.0 

12.2 

-1.8 

B 

14.0 

12.2 

-1.8 

C 

14.0 

12.2 

-1.8 

D 

14.7 

13.7 

.-1.0 

E 

14.0 

13.7 

-0.3 

F 

15.2 

.4.0 

-1.2 

13.0 

-2.2 

G 

14.0 

13.1 

-0.9 

13.0 

-l.O 

H 

14.0 

13.7 

-0.3 

12.25 

-1.75 

I 

14.0 

13.7 

-0.3 

13.0 

-1.0 

J 

14.0 

14.0 

0.0 

13.0 

-1.0 

K 

14.0 

13.7 

-0.3 

13.0 

-1.0 

L 

13.0 





12.2 

-0.8 

H 

12.0 

10.1 

-1.9 

10.1 

-1.9 

N 

13.7 

11.3 

-2.4 

— 

0 

13.0 

10.7 

-2.3 

11.0 

-2.0 

P 

12.0 

— 

10.6 

-1.4 

Q 

12.0 



10.1 

-1.9 

dh  • 

-1.164  ka 

>, 

- -1.4S0  ka. 

oh  • 

0.833  ka 

oh 

- 0.509 

ka. 

4h  • 

-1.16tO.S3  ka; 

d/t 

- -1.45i0.51  ka. 

XAK.I  V 

Coaparlson  of  Staraogtaphleally  Measured  Haights 
of  Hoiatalns  and  a Laha  In  the  Peruvian  Andes 
with  Values  Cited  on  a Topographical  Map 


Point 

Map 

Ilavatlott 
h (ka) 

SMS  Stereo 
Clovstloa 
8 xka) 

dh 

H-h  (ka) 

1 

6.20 

6.35 

+0.15 

2 

6.40 

6.10 

-0.30 

3 

6.45 

6.35 

+0.10 

A 

6.63 

6.70 

+0.07 

S 

6.10 

6.50 

+0.40 

6 

S.80 

5.95 

+0.15 

7 

5.60 

6.50 

+0.90 

8 

5.90 

6.40 

+0.50 

9 

6.10 

6.25 

+0.15 

10 

6.61 

6.50 

-0.11 

11 

6.00 

6.30 

+0.30 

12 

5.80 

5.68 

-0.12 

13 

5.70 

5.60 

-O.ll 

14 

5.90 

6.10 

+0.20 

IS 

5.80 

6.80 

+1.00 

16 

5.80 

6.40 

+0.60 

17* 

3.81 

4.11 

+0.30 

dh 

- 0.236  ka. 

oh 

“ 0.360  km 

dh 

- 0.24±0.36  ka 

• Laka 

Titicaca 

than  froa  the  cops  of  visible  clouds,  and  the 
upper  portion  of  tlTa  cloud  usually  contains 
liccla  or  no  precipitation.  The  infrared  heights 
also  are  scan  to  ba  consistently  lower  than  the 
steraographlc  heights  with  a mean  difference  of 
^ouc  -1.455  ka  and  a standard  deviation  of  0.51 
ka.  Again  this  difference  Is  explainable  by  the 
physics  of  the  Infrared  eaissivlcy  of  clouds, 
whereby  the  infrared  radiance  Is  characteristic 
of  sons  point  within  or  below  the  cloud  cop 
rather  chan  the  cop  Itself. 

Further  validity  was  given  to  these  stereo- 
graph'c  heights  by  tha  cosqiarlson  of  Che  stereo- 
grsnhically  measured  values  of  the  heights  of  16 
aouncaln  peaks  and  one  lake  surface  in  the  Peru- 
vian Andes,  with  values  publl'hed  on  topographic 
asps.  Thase  results  are  shown  In  Table  II. 

These  17  coaparlaona  show  the  stereo  heights  to 
be  greater  than  the  map  values  by  a mean  value  of 
0.24  ka  with  r.  standard  deviation  of  0.36  km. 
These  deviations,  which  suggest  a small  positive 
systaucic  error  In  the  scareo  values,  represent 
errors  In  contour  lines  on  the  maps  as  well  as 
the  errors  in  the  stereo  Mssurements.  The 
height  of  Che  surface  of  Lake  Titicaca  is  of 
special  Interest  since  Its  stereo  value  was  meas- 
ured relative  to  a synthetic  sea-level  plane 
formed  stareographically  from  two  computer-gener- 
ated grid  lysceaa  which  match  the  most  precieely 
known  shape  of  the  earth. 

A few  cloud-height  swasursaents  made  later 
with  an  Improved  version  of  the  special  nech.ml- 
cal-optlcal  viewing  instrument  Indicates  that  the 
two-signs  rspeacablllcy  In  cloud  heights  measured 
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with  optlcal-tMchanlcal  MChodi  froa  SMS  iug'^y 
M7  bt  M low  u 3S0  a.  Thl*  23  porcant  laprovo* 
aanc  In  tho  aauurins  occurtcy  rooulco  frea  two 
aajor  Inatniaant  l^provwwnts:  (1)  a raflaad 

rtfaranca  nark  In  the  optical  train  mplaca*  the 
original  hand-hald  >/eic«ion;  <2)  a digital  read- 
out of  the  poaitlon  of  this  reference  aark  ellal- 
natas  the  aaei  to  Interpolate  the  x-dlsplaceaant 
values.  A plan  for  an  iaprovad  dataralnaclon  of 
the  abso'.'jtc  accuracy  of  the  stareographlc  aethod 
by  traparing  stereographic  cloud-top  heights  with 
cloud-  top  heights  aeasured  by  dedicated  aircraft 
has  been  prepared.  This  plan  Is  awaiting 
iaplesMotation. 

Conclusions 

The  work  described  above  deaonscraces  that 
stereo  iaagery  froa  two  SMS  or  GOES  satellites 
nay  be  processed  to  provide  cloud  heights  with 
sufficient  accuracy  for  many  aetcorologlcal  pur- 
poses. The  aachanlcal  optical  technique,  how- 
ever, requires  the  use  of  hard-copy  prints  or 
transparencies,  and  consequently  Is  not  suitable 
for  a real-time  at  near-real-tlae  operation.  To 
circumvent  this  llaltatlon,  a aan-lnceractlve 
coaputerlted  method  for  extracting  cloud  heights 
froa  digital  stereo  imagery  is  being  Investi- 
gated. 
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NASA  Conference  Publication  2076  - Fourth  NASA  Weather  and  Gimate  Program  Science  Review, 
January  24-25,  1979,  NASA/GSFC,  Greenbelt,  MD. 

Paper  No.  11 


STEREOGRAPHIC  CLOUD  HEIGHTS  FROM  THE  IMAGERY  OF  TWO 
SCAN-SYNCHRONIZED  GEOSTATIONARY  SATELLITES 


R.  A.  Miruner,  Goddard  Space  Flight  Center,  Greenbelt,  Maryland 
R.  D.  Taagit,  Defente  Mapping  Agency  Topographic  Center.  Wathington,  D.  C. 
J.  Sterartka,  General  Electric  Co.,  MATSCO,  Beittville,  Maryland 
W.  E.  Shank,  Goddard  Space  Flight  Canter,  Greertbelt.  Maryland 


Scan  synchronization  of  the  sensors  of  two  SMS-GOES  satellites  yields 
imagery  from  which  cloud  heights  can  be  derived  stereographically  with 
a theoretical  two^igma  random  uncertainty  of  ±0.25  km  for  pairs  of 
satellites  separated  by  60*  of  longitude.  Systematic  height  errors  due  to 
cloud  motion  can  be  kept  below  1 00  m for  all  clouds  with  east-west  com- 
ponents  of  speed  b.-low  hurricane  speed,  provided  the  scan  synchroniza- 
tion is  within  4 seconds  at  the  mid-point  latitude,  and  the  spin  axis  of 
each  satellite  is  parallel  to  that  of  the  earth. 
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IMPACT  OF  SHORT  INTERVAL  SMS  DIGITAL  DATA  ON  WIND  VECTOR 
DETERMINATION  FOR  A SEVERE  LOCAL  STORMS  AREA 

Cynthia  A.  Peslen 

Goddard  Laboratory  for  Atmospheric  Sciences 
NASA/Goddard  Space  Flight  Center 
Greenbelt,  MD  20771 

ABSTRACT 

The  impact  of  S minute  interval  SMS-2  visible  digital  image  data  in  analyzing  severe  local 
storms  is  examined  using  wind  vectors  derived  from  cloud  tracking  on  time  lapsed  sequences  of 
geosynchronous  satellite  images.  The  cloud  tracking  areas  are  located  in  the  Central  Plains,  where 
on  6 May  1975,  hail-producing  thunderstorms  occurred  ahead  of  a well  defined  dry  line. 

Goud  tracking  is  performed  on  the  Goddard  Space  Flight  Center  Atmospheric  and  Oceano- 
graphic Information  Processing  System  (AOIPS).  Lower  tropospheric  cumulus  tracers  are  selected 
with  the  assistance  of  a cloud  top  height  algorithm.  Divergence  is  derived  from  the  cloud  motions 
using  a modified  Cressman  (1959)  objective  analysis  technique  which  is  designed  to  organize  ir- 
regularly spaced  wind  vectors  into  uniformly  gridded  wind  fields. 

The  results  demonstrate  that  satellite-derived  wind  vectors  and  their  associated  divergence 
fields  complement  conventional  meteorological  analyses  in  describing  the  conditions  preceding 
severe  local  storm  development.  For  this  case,  an  apparent  area  of  convergena*  consistently  ap- 
peared ahead  of  the  dry  line  and  coincided  with  the  developing  area  of  severe  weather.  The  mag- 
nitude of  the  maximum  convergence  varied  between  10**  sec**  to  1(H  sec*.  The  number  of 
satellite-derived  wind  vectors  which  were  required  to  describe  the  kinematic  properties  of  the 
low  level  atmosphere  was  adequate  before  numerous  cumulonimbus  cells  formed.  This  technique 
it  limited  in  areas  of  advanced  convection. 


Paper  49 


NASA  Conference  Publication  2076  - Fourth  NASA  Weather  and  Climate  Program  Science  Review, 
January  24-25, 1979,NASA/GSFC,Greenbelt,MD. 

Paper  No.  6 


A COMPARISON  BETWEEN  QOE8-1  IR  DIGITAL  DATA  AND  RADAR  DATA 
FOR  THE  4 APRIL  1S77  SEVERE  STORMS  OUTBREAK 


C.  A.  Peilan,  Labontory  of  Atmotpfmk  Sekncm,  GoMard  Spaca  Flight  Cantor 
and  Richard  Anthony,  GF/MATSCO,  BalWfllla,  Maryland 


ABSTRACT 

The  4 April  1977  levere  itomii  outbreak  over  Georgia  and  Alabama 
provided  an  excellent  opportunity  to  examine  the  complementary 
characteiiitica  between  latellite  radar  data. 


Reprinted  from  Monthly  Weather  Review,  107,  pp.  566*574, 1979. 

The  Computation  of  Isentroptc  Atmospheric  TntJectories 
Udng  a **Discrete  Model’*  Formulation 

Ralph  a.  Pctembn 

DtpvtmtM  of  Googrophy.  Noriktm  IIWtoiM  1/nlvtnity.  DoKplk,  IL  601  IS 


Louis  W.  Ucccllini* 

Spoet  Scltoet  oti6  Eoginttriog  C*M*r,  Vitlvtnlty  ofWItcoostit.  Madlton.  Wt  5i706 
(Muuicripc  ractivtd  IS  Juim  I97t.  in  final  fom  29  Janaary  1979) 

ABSraACT 

An  txplicit  taehniqua  for  computini  aimotpharic  uaiaetofiat.  batad  on  Ofatntpan‘i  diicrtta  mttdai 
fonnulation.  it  prttaniad  at  an  akttnativc  to  (ha  commonly  atad  implicit  Khcma.  Tha  method  pro* 
vidat  an  aconomkat  meant  of  objacUvaly  obtaininp  computar-tanarated  traiactoriat  and  aceounu  far  tha 
variabla  accalarationt  and  local  p tandanciat  along  the  antiia  traitetory  path.  Tha  initial  raaultt  ptaaantad 
thow  that  tha  axplieit  computationt  arc  ttabla  and  vary  nearly  cnar|y*contarvative.  An  appUcatioa  of 
the  ditcrate  modal  approach  to  a real  dau  bate  and  comparitont  with  uaiactoiiat  datarminod  by  tha 
implicit  method  yield  bvorabia  resuitt,  iUuttfating  tha  otOity  of  tha  explicit  tachiUqua  u a diagnoitic 
tool. 


1.  btroduedon 

The  construction  of  three*dimensional  atmos* 
pheric  trEjectories  provides  a valuable  diagnostic 
tool  for  illustrating  and  understanding  three-dimen- 
sional transport  and  exchange  processes  associated 
with  extratropical  weather  disturbances.  The  trajec- 
tory approach  has  been  successhiily  applied  to  stud- 
ies including  the  stratospheric  and  tropospheric  air 
mass  exchanges  associated  with  a jet  streak  (Daniel- 
sen.  1968;  Reiter,  1972),  the  dispersal  of  upper  at- 
mospheric pollutants  and  possible  nuclear  contami- 
nation (Reiter,  1972),  the  three-dimensional  struc- 
ture and  moisture  transport  within  extratropical 
cyclones  (Danielsen,  1966,  1967;  Buzz!  and  Ftizzi, 
1975),  and  the  kinetic  energy  budget  for  an  extea- 
tropical  cyclone  (Sechrist  and  Dutton,  1970}.  Tra- 
jectory m^els  which  use  wind  forecasts  from  opera- 
tional primitive  equation  models  at  the  National 
Meteorological  Center  (Reap,  1972)  have  also  been 
developed  to  improve  temperature  and  cloud  forr- 
casu. 

The  purpose  of  this  paper  is  to  present  a new 
technique  for  constructing  computer-generated  tra- 
jectories u an  alternative  to  the  widely  used  im- 
plicit scheme  developed  by  Danielsen  (1961).  Using 
this  new  approach,  trajectories  are  computed  by  ap- 


' Prawnt  afllliuion:  NASA/Goddard  Space  night  Canur.  Lab* 
oratory  for  Atmoaphciic  Sctcncet,  Code  914,  Graenbelt.  MD 
M77I. 


plying  an  explicit  system  of  equations  based  cn  a 
"discrete  model"  theory  developed  by  Greenspan 
(1972,  1973)  to  the  atmospheric  equations  of  motion. 
The  method  provides  for  objective,  rapid  and  eco- 
nomical computations  of  trajectories,  is  stable  for 
cyclonic  and  anticyclonic  curvature,  and  explicitly 
accounts  for  the  impact  that  spatial  variations  of  the 
pressure  gradient  force  have  on  parcel  accelerations. 
The  stability  and  accuracy  of  the  method  are  tested 
by  applying  the  explicit  technique  to  an  idealized 
case  in  which  parcels  undergo  inertial  oscillations. 
A diagnostic  study  utilizing  standard  rawinsonde 
upper  air  data  is  then  presented  to  test  the  applica- 
bility of  the  explicit  technique  to  a real  atmospheric 
dau  base.  Comparisons  of  selected  trajectories  com- 
puted by  the  explicit  and  implicit  techniques  are 
also  shown. 


2.  The  iupUcit  technique . . constructing  atmospheric 
trajectories 

Danielsen  (1961)  developed  the  most  widely  used 
method  to  compute  atmospheric  trajectories,  for 
which  he  advocated  the  use  of  isentropic  coordi- 
nates. Trajectories  can  be  computed  more  accu- 
rately in  the  isentropic  framework  where  two-dimen- 
sional. adiabatic  flow  implicitly  includes  vertical 
motions  which  would  have  to  be  calculated  sepa- 
rately in  Cartesian  or  isobaric  coordinaus.  Trajec- 
tories are  constructed  on  isentropic  surfaces  by  *i* 
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muluneously  solving  energy  and  total  displacement 
D formulas: 


^(t) 


+ 


D - V4(£/,  + £/,X/t  - t^). 


(1) 

(2) 


in  which  f/,  and  Ut  are  the  wind  speeds  at  the  initial 
and  final  times  and  \l>  is  the  Montgomery  stream* 
function. 

Although  the  implicit  approach  has  been  success- 
fully applied  to  numerous  diagnostic  studies,  the 
technique  has  several  drawbacks.  The  simultaneous 
solution  of  (1)  and  (2)  for  anticyclonic  trajectories 
does  not  always  converge  to  a unique  solution 
(Danielsen,  1961).  Another  difficulty  involves  esti- 
mating diit/d/  for  the  12  h time  interval  normally  im- 
posed on  trajectory  calculations  by  the  availability 
of  upper  atmospheric  data.  The  large  timestep  and 
implicit  nature  of  this  method  also  make  it  difficult 
to  account  for  variable  parcel  accelerations  which 
occur  along  the  trajectory  path.  Reiter  (1972)  at- 
tempted to  include  significant  changes  in  the  parcel 
accelerations  by  incorporating  geostrophic  depar- 
lores  within  the  iteration  procedure.  But  Reiter’s 
modification  involves  considerable  subjectivity  in 
estimating  geostrophic  departures  at  the  beginning 
and  end  of  the  12  h period  that  are  subsequently 
applied  along  a significant  portion  of  the  trajectory 
path.  In  the  following  section,  an  alternative  ap- 
proach to  diagnostic  trajectory  computations  is  pre- 
sented which  partially  alleviates  these  problems. 


3.  An  explicit  method  for  computing  atmospheric 
trajectories 

The  explicit  method,  based  on  the  'discrete  model 
formulation  of  Greenspan  (1972,  1973),  calculates 
parcel  acceleration,  velocity  and  distance  at  succes- 
sive time  steps.  'The  system  of  equations  as  applied 
to  constructing  adiabatic  atmospheric  trajectories 
is  based  on  first  determining  the  acceleration  using 
the  inviscid  equations  of  motion 


Aii"’ 

Ax 

(3) 

Aitf" 

~ -/'"tt'". 

Ay 

(4) 

where  a,,  m.  and  a„  v are  the  accelerations  and 
velocity  components  in  the  .r  and  y directions,  re- 
spectively, / is  the  Coriolis  parameter  and  super- 
scripts refer  to  timestep  number.  'The  new  velocity 
and  distance  components  are  then  calculated  by 
Greenspan's  discrete  formulation: 

. u'"  -t-  - V^a (5) 


^»^i)  . „<f)  ^ A/[%a  «>  - (6) 

^ + a'"],  (7) 

-t-  i;"'].  (8) 

A special  “starter"  formula  is  used  for  the  first  time 
increment 

a“>  - a'®'  + ai®'A/,  (9) 

- r<®' + a;®'Ar.  (10) 

Readers  may  recognize  the  similarity  of  the  (^(20 


- Via)  term  in  (5)  and  (6)  to  the  Adams-Bashforth 
scheme  which  was  found  to  be  quite  stable  (Lilly, 
1965),  but  for  small  Ar  only  (Young,  1968).  Green- 
span (1972),  however,  found  that  in  discretized  ap- 
plications the  above  explicit  system  conserves  en- 
ergy and  is  stable  and  accurate  for  a wide  range 
of  Ar. 

To  close  the  system  of  equations,  new  values 
must  be  available  at  every  timestep  to  calculate  the 
spatial  derivatives  in  (3)  and  (4).  For  diagnostic  stud- 
ies where  ili  is  available  at  12  h intervals,  il/"'  is  speci- 
fied on  a latitude-longitude  grid  by  using  the  initial  (0) 
and  final  (F)  \b  values,  and  by  assuming  (dfli/dt),,i 
varies  linearly  at  each  grid  point  so  that  at  any  time- 
step  n 


— to 


.lAr. 


(11) 


When  values  are  available  12  h before  and  after 
the  time  interval  for  which  trajectories  are  con- 
structed. a nonlinear  approximation  for  (dil//dr),j  is 
calculated  using  overlapping  quadratic  Lagrangian 
polynomials.  This  procedure,  as  presented  by  Bleck 
and  Haagenson  (1968)  and  expanded  on  by 
Whittaker  and  Petersen  (1977),  has  the  advantage 
that  the  derivatives  of  the  resulting  third-order  poly- 
nomial are  continuous  and  implicitly  equivalent  to 
second-order  Taylor  series  approximations  at  the 
beginning  and  end  of  the  period  for  which  the  tra- 
jectories are  computed.  Once  is  specified. 


Alt'*' 

— and  — 

AjT(j  i^y,j 


are  calculated  at  grid  points  using  standard  centered 
differences  over  a 2 A.r  and  2 dy  interval.  The  gradi- 
ents are  then  interpolated  from  the  grid-point  loca- 
tion to  the  parcel  position  using  the  overlapping 
polynomial  technique.  With  the  gradients  of  li/  speci- 
fied at  the  parcel  position,  the  acceleration,  new 
velocity  and  new  position  can  be  determined. 


4.  Initial  experiments 

Although  the  discrete  model  formulation  con- 
serves total  energy  for  closed  systems  (Greenspan. 
1972).  the  application  of  the  technique  to  an  open 
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system,  in  which  the  accelerations  are  approximated 
by  the  inviscid  adiabatic  equations  of  motion,  and 
the  interpolation  of  4i  gradients  from  grid  points  to 
parcel  positions  can  introduce  spurious  energy 
sources.  The  initial  experiments  were  designed  to 
determine  the  magnitude  of  this  spurious  energy  gen- 
eration for  a simplified,  steady  state  flow.  With 
steady-state  assumptions,  (1)  reduces  to 


£ 

dt  2 


<i» 


0. 


(12) 


so  that  the  total  energy  (T)  for  a parcel  remains 
constant.  Any  deviations  from  the  initial  total  energy 
for  a parcel  represents  a spurious  energy  source 
related  to  the  discrete  methodology  and  to  the  nu- 
merical interpolation  technique  needed  for  specify- 
ing lb  gradients  at  parcel  positions. 

For  the  initial  experiments,  a zonal  <b  field  and 
constant/ (latitude  of  40“N)  were  specified  so  that 
dV^dt  ■ 0,  where  U,  is  the  geostrophic  wind.  Five 
parcels  were  chosen,  with  parcels  I and  2 initialized 
with  a subgeostrophic  u component  of  15.0  and  20.0 
m s~'.  respectively.  Parcel  3 was  initialized  with  a 
geostrophic  u component  of  25.0  m s~'  and  parcels 
4 and  5 were  initialized  with  supergeostrophic  ii  com- 
ponents of  30.0  and  35.0  m s“‘.  The  initial  v com- 
ponent was  set  equal  to  zero  for  all  five  parcels. 
With  the  lb  gradients  kept  constant  in  time,  the  parcel 
trajectories  initialized  with  an  ageostrophic  wind 
should  undergo  an  inertial  oscillation  (Newton. 
1959)  and  therefore  return  to  their  respective  orig- 
inal latitudinal  position  with  a period  equal  to  one- 
half  pendulum  day  and  with  a wind  speed  equal  to 
the  original  speed  assigned  to  each  parcel.  The  par- 
cel initialized  with  a geostrophic  wind  speed  should 


maintain  a constant  zonal  component  with  v remain- 
ing equal  to  zero.  The  experiments  were  repeated 
with  A/  set  equal  to  300. 600.  900,  1200  and  1800  s. 

Fig.  I illustrates  the  response  of  the  five  trajec- 
tories with  Ar  set  at  900  s.  The  subgeostrophic  par- 
cels (I  and  2)  initially  turned  to  the  left  and  ac- 
celerated, passed  the  equilibrium  at  which  the  /i 
component  is  in  geostrophic  balance,  and  then  began 
turning  to  the  right  while  still  accelerating.  After 
9 h,  these  parcels  decelerated  while  continuing  a 
turn  to  the  right,  as  the  v component  became  nega- 
tive. The  parcels  then  slowly  turned  to  the  left  (after 
15  h).  completing  the  inertial  oscillation  by  18.75  h. 
The  sequence  of  parcel  accelerations  was  reversed 
for  the  supergeostrophic  parcels  (4  and  5).  These 
initially  ageostrophic  parcels  all  displayed  a period 
of  oscillation  equal  to  one-half  pendulum  day  as  ex- 
pected. After  one  full  oscillation  and  a return  to 
within  50  m of  their  initial  latitudinal  position,  par- 
cels had  velocities  within  0.04  m s~'  of  their  original 
values.  The  trajectory  for  parcel  3.  initialized  with 
a geostrophic  wind  speed,  remained  zonal  through- 
out the  24  h period. 

Fig.  I also  illustrates  that  the  supergeostrophic. 
subgeostrophic  and  geostrophic  parcels  were  lo- 
cated at  an  equal  distance  from  the  starting  posi- 
tion after  the  period  of  oscillation.  The  more  super- 
geostrophic or  subgeostrophic  a parcel  was  initially 
the  greater  the  respective  subsequent  decelerations 
or  accelerations  were  in  the  r direction,  thus  neu- 
tralizing the  different  initial  wind  speeds.  Applying 
the  implicit  technique  of  Eqs.  (1)  and  (2)  over  the 
period  of  the  inertial  oscillation  with  an  equal  initial 
and  final  wind  speed  and  without  accounting  for  the 
ageostrophic  departures  yields  a distance  which 
varies  for  the  different  parcels,  being  greater  for 
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IS  wind  direction.  Trajectories  are  calculated  with  ir  ■ °00  s. 
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the  lupergitostrophic  than  for  thr  subgeostrophic 
parcels.  This  example  demonstrates  the  importance 
of  objective.'y  accounting  for  the  geostrophic  depar- 
tures idong  t he  entire  tnyectory. 

Energy  diagnostics  for  parcels  I,  2,  4 and  5 are 
presented  in  Tables  1 and  2.  The  accumulated 
changes  in  total  energy  T over  the  Arst  half  of  the 
inertial  oscillation  are  given  for  various  Ar  (Table  1). 
The  magnitudes  of  the  accumulated  changes  in  T 
were  found  to  be  a maximum  at  this  time;  whereas 
by  (12),  dTIdt  should  have  been  zero.  In  general, 
successive  reductions  in  the  Ar  by  300  s increments 
for  the  trejectory  computations  reduced  the  magni- 
tude of  the  spurious  energy  change  by  nearly  half. 
But  for  all  cases,  the  important  factor  is  that  the 
maximum  accumulated  changes  in  T were  two  to 
three  orders  of  magnitude  less  than  the  individual 
changes  in  the  kinetic  and  potential  energies  for  the 
same  time  period.  The  accumulated  change  in  toul 
energy  also  reveals  that,  during  the  half-inertial  pe- 
riod, subgeostrophic  parcels  experienced  systematic 
gains  in  T while  supergeostrophic  parcels  experi- 
enced systematic  losses  in  T.  The  net  changes  in  the 
total  energy  over  the  entire  inertial  period  therefore 
approached  zero. 

The  magnitudes  of  the  changes  in  T during  the 
Ant  hour  reveal  the  inAuence  of  the  special  “start- 
ing formulas"  [(9)  and  (10)]  that  are  needed  for  the 
Ant  timestep  (Table  2).  The  magnitudes  of  dT/dt 
during  the  Ant  hour  were  of  opposite  sign  and  nearly 
two-thirds  the  magnitude  of  the  accumulated  change 
in  T during  the  next  8 h period.  The  large  erron  are 
due  to  the  nature  of  the  starting  formulas  and  to  the 
initial  conditions.  With  u initially  set  equal  to  zero, 
the  M wind  component  is  kept  constant  during  the 
Arst  time  increment  when  it  should  be  either  increas- 
ing or  decreasing  as  the  ageostrophic  parcels  are 
subjected  to  latitudinal  displacement.  This  error 
could  be  minimized  by  using  a smaller  initial  time- 
step  which  would  then  be  expanded  in  subsequent 
iterations  until  the  standard  time  interval  is 
achieved. 

This  initial  experiment  demonstrates  the  stability 
of  the  discrete  formulation  and  the  accuracy  of  the 
interpolation  scheme  in  maintaining  zonal  geo- 


Taili  I . Accumulutd  (Mat  energy  changes  ( J kg*')  from  zero 
(o  9 h for  parcels  I.  2.  4 and  J and  ir  of  300  to  1800  s.  with 
a geostrophic  wind  of  23  m s*'. 


a/ 

(1) 

PBreel't  iniiixl  velocity 

1 

0.6  U, 

o.iu. 

4 

1.2  U, 

5 

1.4  U, 

1800 

*5.46 

*2.28 

-1.32 

-1.74 

1200 

*2.35 

*1.01 

-0.37 

-0.83 

900 

*1.32 

*0.37 

-0.30 

-0  48 

600 

*0.62 

*0.29 

-0.10 

-0.22 

300 

*0.24 

*0.16 

*0.07 

-0.07 

Tabli  2.  At  in  Table  I except  from  zero  to  I h. 


4f 

U) 

Nreet'i  initial  vtlocity 

t 

0.6  V, 

2 

0.8  C/. 

4 

1.2  (/, 

3 

1.4  (/, 

1800 

-2.10 

-1.39 

*2.13 

*3.03 

1200 

-0.80 

-0.60 

*0.92 

*2.18 

900 

-0.49 

-0.33 

*0.32 

*1.21 

600 

-0.21 

-0.14 

*0.23 

*0.33 

300 

-0.04 

-0.03 

*0.07 

*0.13 

strophic  trajectories  while  also  accounting  for  ac- 
celerations which  result  from  initially  unbalanced 
Aow.  Since  the  changes  in  the  total  energy  which 
accumulated  during  successive  iterations  were  at 
least  two  to  three  orders  of  magnitude  less  than 
changes  in  the  kinetic  and  potential  energies,  the 
amount  of  error  introduced  to  the  trajectory  paths 
by  the  discrete  model  approach  should  be  minimal. 

5.  Application  of  the  explicit  method  to  a diagnostic 
stady 

The  explicit  trajectory  method  was  applied  to  an 
atmo.>t/heric  data  base  to  test  the  applicability  of  the 
discrete  model  foimulation  in  diagnostic  studies 
which  rely  on  the  rawinsonde  network. 

Nearly  100  trajectories  were  computed  on  the  330 
K isentropic  surface  for  the  12  h period  1200  GMT 
10  May-0000  GMT  II  May  1973.  The  tr^ectories 
were  initialized  on  a 2*  latitude  by  2”  longitude  grid 
within  a domain  bounded  by  123*W  51*N,  83’W 
31*N.  123’W  35*N  and  83*W  35’N.  The  gradients 
were  speciAed  utilizing  the  subjective  \li  analyses 
shown  in  Fig.  2 and  by  assuming  a 12  h linear  tit 
tendency  at  each  grid  point.  The  winds  were  ini- 
tialized from  subjective  isotach  and  isogon  analyses 
from  1200  GMT  10  May.  The  subjective  isentropic 
analyses  in  this  study  were  cross-checked  with  15 
vertical  cross  sections  to  incorporate  the  detailed 
vertical  resolution  of  individual  rawinsonde  ascents 
within  the  horizontal  wind  analyses  on  isentropic 
surfaces  (see  Shapiro.  1970).  An  1800  s timestep  was 
used  to  calculate  the  trRjectories. 

At  r .")  GMT  10  May  1973.  three  jet  streaks  on 
ine  330  surface  (Fig.  2)  were  embedded  within  a 
general  westerly  Aow  stretching  from  the  West  Coast 
to  the  Great  Lakes  region.  .A  deepening  trough  over 
the  Great  Lakes  region  yielded  more  cyclonic  cur- 
vature to  the  Aow  Aeld  in  the  eastern  third  of  the 
United  Sutes.  By  0000  GMT  1 1 May.  the  two  west- 
ern jet  streaks  intensiAed  slightly  and  propagated 
eastward  while  the  eastern  streak  propagated  nonh- 
eastward  and  weakened  (Fig.  2).  The  trough  over 
the  Great  Lakes  deepened  slightlv  and  was  better 
deAned  by  0000  GMT. 

Fig.  3 illustrates  20  trajectories  which  represent 
the  larger  sample  of  the  trajectories  computed.  In 
general,  the- Anal  wind  speeds  of  the  parcels  were 
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Fio.  330  K isentropic  analyses  for  1200  GMT  10  May  and  0000  GMT  1 1 May  1973.  nop)  <ii  analysis  (275  - 3 275  * 10“  m'  s'M. 
(bottom)  isotach  analysis  (m  s'").  Wind  barbs  represent  selected  station  wind  reports  rounded  off  to  nearest  5 ms'',  solid  barb  • 50 
rr  lonf  barb  ■ 10  m i"',  then  barb  • 5 m The  number  at  the  station  is  actual  last  digit  of  the  wind  report 


within  5 m s"‘  and  20*  of  the  observed  wind  speed 
and  direction,  respectively.  The  final  trajectory  wind 
speeds  were  usually  greater  than  the  observed 
winds,  which  should  be  expected  since  frictional 
effects  related  to  strong  horizontal  and  vertical  wind 
shears  are  not  included  in  the  scheme.* 


‘ Departures  are  often  observed  for  irajectones  ongmating  verv 
Close  together  in  regions  of  strong  winds  and  large  honzomal 
and  veiiical  wind  shears  In  those  regions,  the  absence  ofa  direct 
tracer  in  the  atmosphere  i radioactive  debns.  etc  i and  questions 
regarding  the  conservauon  of  potential  vorticity  i Shapiro.  197gi 
make  t difficult  (o  ascertain  the  representativeness  of  parcel 
trajeci.'nes  computed  by  an\  scheme.  ,Xlso.  when  large-scale 
upward  -notions  are  presem.  the  parcels  may  undergo  esiensive 
non-adiabatic  lifting,  which  funher  complicates  compansons 


The  tr^cctories  imtiaiized  within  the  jet  streak  over 
the  western  United  States  moved  rapidly  eastward 
while  accelerating  slightly,  then  turned  to  the  nght 
and  began  deceleiating  by  0000  GMT  11  May  Tra- 
jectories E and  P.  initially  located  to  the  south  of 
the  western  jet  streak,  accelerated  toward  the  re- 
gion of  strong  ill  gradients  and  ma.ximum  winds.  On 
approaching  the  deepening  trough  over  the  Great 
Lakes  region,  trajectones  G and  H turned  cycloni- 
cally  and  accelerated  in  response  to  the  increasing 
ill  gradient. 

Trajectones  L and  Q are  included  to  illustrate  the 
ability  of  the  e.xplicit  technique  to  compute  tra- 
jectones within  weaker  and  more  vanable  fiow  re- 
gimes which  could  result  in  more  erratic  parcel 
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Fio.  J.  Tnjcctoriei  computed  for  1200  GMT  10  M»y  throufb  OOOO  GMT  It  May  197)  on  J30  K isentropic  surface  uuUaing 
diicretc  model  technique.  Positions  at  ) h intervals  are  indicated  by  'S-  The  initial  and  final  wind  direction  and  speed  are  indicated 
(11426  - 114*  26  m s->). 


movement.  Trajectoriei  M.  N,  0 and  R.  S, T depict 
the  parcel  responses  upon  exiting  the  jet  streaks  orig- 
inally extending  into  the  Great  Rains  (Fig.  2). 
These  parcels  turned  to  the  light  and  decelerated 
upon  exiting  the  streak.  Several  of  the  parcels  (R  and 
Ml  then  turned  to  the  leR  and  accelerated  later  in  the 
12  h period  upon  approaching  the  trough  line  which 
extended  from  the  Great  Lakes  to  the  south- 
eastern United  States.  Trajectories  R and  S depict 
how  critical  initial  wind  «peed  and  the  magnitude 
of  the  ageo&trophic  component  were  to  the  trajec- 
tories originating  in  the  exit  region  of  the  jet  streak. 
These  same  trajectories  were  originally  only  222  km 
apart,  yet  terminated  nearly  1000  km  apart  12  h later. 
Both  trajectories  appear  to  be  reasonable  in  that 
the  final  wind  speeds  were  within  2 m s*‘  of  the  ob- 
served wind  speeds  and  10*  of  the  observed  d’rec- 
tions  at  0000  GMT  11  May. 

Fig.  4 illustrates  selected  comparisons  made  be- 
tween trajectories  computed  with  the  explicit  dis- 
crete model  formulation,  for  which  the  final  com- 
puted velocities  agreed  closely  with  0000  GMT 
observations,  and  Damelsen's  implicit  scheme  ((1) 
and  (21].  In  general,  the  discrepancies  were  minor 


as  the  difference  in  the  12  h positions  determined 
by  the  two  methods  fell  well  within  the  error  range 
expected  from  data  acquisition  and  analysis  errors 
(Reiter,  19721.  However,  the  two  schemes  did  yield 
significantly  different  paths  for  the  parcels  (R  and 
S)  originating  in  the  exit  region  of  the  jet  streak  ( Fig. 
4C).  In  the  first  case,  the  explicit  trajectory  iR, 
dashed)  originated  in  southeast  Iowa,  decelerated 
and  turned  to  the  right  upon  e'-iting  th»*  streak  and 
later  accelerated,  ending  near  Washington.  DC.  with 
a wind  speed  and  direction  nearly  equal  to  the  wind 
observation  near  that  location  (Fig.  2).  The  implicit 
scheme  did  not  incorporate  these  variable  accelera- 
tions along  the  path  of  the  trajectory  since  only  ihc 
average  wind  speed  based  on  initial  and  final  values 
was  used  to  determine  the  distance  traveled  i2).  The 
implicit  scheme  therefore  yielded  an  energy-con- 
sistent trajectory  which  extended  330  km  beyond 
the  endpoint  of  the  trajectory  computed  wuh  the 
explicit  technique.  In  the  seccjnd  case,  the  trajcc- 
lones  originating  in  southwest  Iowa  iS)  show  even 
more  of  a discrepancy.  The  explicit  trajectory  de- 
celerated rapidly  from  an  initial  M m s*'  wind  speed 
and  turned  to  the  right,  ending  in  .Alabama.  The 
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Fig.  4.  Trajectones  calculated  using  Oamelsen's  'mpiicil  scheme  (solid)  and  using  discrete  model  formulation  (dashed)  for  period 
from  i:00  GMT  10  May  through  0000  GMT  II  May  1973  Final  wind  direction  and  speed  are  indicated  for  trajectories  computed 
using  discrete  model  formulation  (37430  » 274“  30  m s"'). 


finaJ  wind  speed  of  18  m s"'  and  wind  direction  of 
305®  were  within  2 m s"'  and  '0®,  respectively,  of 
the  observed  wind  near  that  location.  Our  applica- 
tion of  the  implicit  scheme  did  not  give  this  tra- 
jectory but  yielded  an  energy-consistent  trajectory 
ending  rear  Cape  Hatteras.  North  Carolina.  1 000 
km  from  the  termination  of  the  explicitly  computed 
trajectory. 

While  the  final  wind  speeds  were  approximately 
equal  for  both  the  explicit  and  implicit  trajectories 
originating  at  S.  the  large  difference  in  the  final  <1» 
values  raises  the  question  abrut  which  trajectory 


is  conserving  total  energy.  The  following  evaluation 
of  the  energy  equation. 


dT  dK  d>Jj  _ dib 

dt  dt  dt  dt 

where 

K * LPI2. 


(13) 


shows  that  both  techniques  can  yield  different,  yet 
energy-consistent,  trajectories  since  dd>/dr  is  esti- 
mated differently  for  each  formulation.  In  the  ex- 
plicit technique  the  finite  form  of  ( 13)  for  the  entire 
trajectory  becomes 


0 “ 7",  — Ti)  * /f  1 ~ Kq  ii»i  ~ !i»o  ~ [Ad/t/(tf  ~ fo)l()i  ~ to)  ^ 

0 • 7*2  *—  * Ki  "■  Ki  (i#2  " lill  " [^(il2'(tf  * to)](t2  tj)  I 

> . (14) 

; : . : i 

I 

0 * Tf  — Tf.,  » Kf  — /ff-i  liif  — 'iir-i  ~ [Ailif/(rp  — fo)](tr  ~ tf-i)  j 


• w 
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where  is  a local  12  h ii>  change  determined  at  the 
midpoint  of  the  individual  time  increments  (r.  - 
Summing  (14)  yields 

0 ■ T'/’  — 7"o  * Kf  — Ako  + — 4*0 

- i - f*)IAr.  (15) 

(•1 

where  A/  - r,  - ■ /,  - t,  • . . . - - f,_,. 

For  the  implicit  scheme,  the  evaluation  of  (13) 
reduces  to 

0 * Tf  — To  * Kf  — Afo  + ~ 

- (0.25  X All/,  + 0.50  X Ail»*  + 0.25  x Ail»,).  (16) 

where  d^iidt  is  evaluated  using  the  12  h t(i  tendencies 
at  the  beginning  (Aii>g),  middle  (Ati>«)  and  end  (Ai(>/-) 
points  of  the  trajectory.  Even  though  T remains  con- 
stant for  (15)  and  (16),  there  is  no  constraint  that 
the  estimation  of  diltidi  for  the  entire  trajectory  will 
be  equal  for  both  schemes.  Therefore.  Kf  and  tjir 
can  be  different  for  implicit  and  explicit  trajectories 
beginning  at  the  same  point  while  still  maintaining 
constant  total  energy. 

For  parcel  S in  Fig.  4.  the  explicit  trajecto.-y  en- 
tered eastern  Missouri  where  the  ii>  tendencies  were 
noticeably  positive.  The  parcel  decelerated  and  con- 
tinued turning  to  the  right  toward  higher  \l>  values, 
remaining  in  regions  of  significantly  positive  dflildt 
throughout  its  entire  journey.  The  explicit  formula- 
tion accounted  for  the  locally  positive  if/  tendencies 
that  continuously  contributed  toward  parcel  decelera- 
tion along  the  entire  trajectory.  By  comparison,  the 
iteration  between  (2)  and  (16)  for  the  implicit  tra- 
jectory used  one  large  positive  if/  tendency  at  the 
beginning  of  the  trajectory,  but  only  slightly  positive 
tendencies  at  the  middle  and  end  points,  llierefore. 
the  estimation  of  in  (16)  was  smaller  than  the 
continuously  accumulated  local  if/ changes  in  (15)  for 
parcel  S.  As  a result,  the  iteration  between  (2)  and 
( 16)  yielded  a trajectory  ending  near  the  North  Caro- 
lina coast  where  \hr  was  signincantiy  smaller  than 
that  obtained  for  the  explicit  tr^ectory  ending  in 
Alabama.  This  example  illustrates  an  ability  of  the 
explicit  scheme  to  objectively  account  for  the  effect 
that  locii.  A tendencies  and  geostrophtc  departures 
along  the  entire  parcel  path  have  on  the  calculated 
tr^ectory.  This  sensitivity  of  trajectories,  which  orig- 
inate within  regions  of  strong  winds  and  large  wind 
shean  or  pass  through  regions  of  significant  local 
if/  tendencies,  also  illustrates  the  importance  of  care- 
ful if/  and  wind  analyses  for  computing  trajectories 
with  either  the  explicit  or  the  implicit  technique. 

6.  Summary 

An  explicit  technique  for  calculating  atmospheric 
trauectories  is  presented  in  this  paper  as  an  alterna- 


tive method  to  the  standard  implicit  scheme  derived 
by  Danielsen  (1961).  The  technique  uses  the  inviscid 
equations  of  motion  and  the  discrete  model  formula- 
tion derived  by  Greenspan  (1972,  1973)  to  compute 
tngectories  on  isentropic  surfaces,  assuming  adia- 
batic flow.  The  discrete  model  formulation  is  de- 
signed specifically  for  a Lagrangian  system  and  ob- 
jectively accounts  for  the  geostrophic  departures, 
local  if/  tendencies  and  subsequent  accelerations 
along  the  entire  length  of  the  trajectory. 

The  initial  test  of  the  explicit  technique  used  a 
simplified  steady-state  if/ distribution  and  various  ini- 
tial wind  speeds  to  determine  the  magnitude  of  the 
errors  introduced  by  the  discretization  of  the  equa- 
tions of  motion  and  by  the  grid  point  to  parcel  inter- 
polations of  the  if/  gradient  necessary  to  determine 
new  accelerations  at  each  time  step.  The  discrete 
model  approach  yielded  trajectoiies  for  which  the 
change  of  total  energy  was  two  to  three  orders  of 
magnitude  less  than  the  individual  changes  in  either 
the  kinetic  or  potential  energies.  The  computed  tra- 
jectories accurately  simulated  parrels  undergoing 
an  inertial  oscillation  in  response  to  the  initial 
ageostrophic  component  since  parcels  tested  were 
within  50  m of  their  initial  latitudinal  position  and 
0.04  m s'‘  of  their  initial  wind  speed  after  one  full 
period  of  oscillation.  The  initial  experiment  dem- 
onstrated the  stability  of  the  discrete  formulation 
and  the  accuracy  of  the  interpolation  scheme  in 
maintaining  zonal  geostrophic  trajectories  and  in  ac- 
curately accounting  for  the  accelerations  resulting 
from  the  initially  unbalanced  flow. 

The  application  of  the  discrete  formulation  to  a 
diagnostic  case  study  yielded  favorable  results.  The 
trajectories  ended  with  computed  velocities  very 
close  to  the  observed  winds  at  the  12  h mark.  Com- 
parisons with  trajectories  determined  using  Daniel- 
son's implicit  technique  were  also  generally  good.  In 
general,  trajectories  computed  with  either  technique 
ended  within  the  error  bounds  expected  from  obser- 
vation and  analysis  errors.  However,  significant  dif- 
ferences occurred  for  trajectories  initialized  within 
the  exit  region  of  jet  streaks  where  the  influences 
of  the  geostrophic  departures,  local  tf/  tendencies 
and  subsequent  decelerations  are  very  important. 
For  these  trajectories,  the  implicit  scheme  was  evi- 
dently not  always  capable  of  objectively  accounting 
for  the  effects  of  ageostrophic  winds  and  local  li/ 
tendencies  along  the  entire  trajectory  and  thus 
yielded  significantly  different  results. 

The  application  of  the  discrete  model  approach 
and  the  implicit  scheme  also  revealed  the  sensitivity 
of  the  trajectories  to  the  initial  and  final  i//  fields 
and  the  initial  wind  analysis.  Great  care  must  be 
taken  in  the  diagnostic  analyses  to  achieve  repre- 
sentative trajectories  with  either  scheme.  The  use 
of  the  trajectories  from  case  studies  should  also  be 
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tempered  by  recognizing  that  the  inviscid,  adiabatic 
and  linear  ^ tendency  assumptions  are  made  for  both 
the  explicit  and  implicit  schemes.  While  results  from 
this  case  study  are  encouraging,  the  computation 
of  trajectories  for  other  cases  should  be  attempted 
to  fiirther  evaluate  the  application  of  this  “discrete 
model"  approach  for  calculating  trajectories  using  a 
real  data  base. 
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ABSTRACT 

Data  from  the  Nimbus-S  Electrically  Scanning  Microwave  Radiometer  (ESMR-S)  have  been 
used  to  calculate  latent  heat  release  (LHR)  and  other  rainfall  parameters  for  over  70  satellite  obser- 
vations of  21  tropical  cyclones  during  1973,  1974,  and  1975  in  the  tropical  North  Pacific  Ocean. 
The  results  indicate  that  the  ESMR-S  measurements  can  be  useful  in  determining  the  rainfall  charac- 
teristics of  these  storms  and  appear  to  be  potentially  useful  in  monitoring  as  well  as  predicting  their 
intensity.  The  ESMR-S  derived  total  tropical  cyclone  rainfall  estimates  agree  favorably  with  pre- 
vious estimates  for  both  the  disturbance  and  typhoon  stages.  The  mean  typhoon  rainfall  rate 
( 1 .9  mm  h** ) is  approximately  twice  that  of  disturbances  (1.1  mm  h‘* ). 

Case  studies  suggest  that  tropical  cyclone  intensification  is  indicated  by  the  increase  in  the 
ESMR-5  derived  LHR,  the  increase  in  the  relative  contribution  of  the  heavier  rain  rates  (>5  mm 
h"i ) to  the  total  storm  rainfall,  and  the  decrease  in  the  radius  of  maximum  rain  rate  from  the 
cyclone  center.  It  also  appears  evident  from  these  case  studies  that  by  monitoring  the  trend  of 
increasing  LHR  the  first  indication  of  tropical  cyclone  intensification  may  be  obtained  1-2  days 
prior  to  the  tropical  cyclone  reaching  storm  stage  and  often  prior  to  the  first  reconnaissance  air- 
craft observation.  Further,  the  time  of  the  maximum  intensity  of  the  tropical  cyclone  lags  by  1-2 
days  the  time  of  maximum  LHR.  The  statistics  of  the  Western  Pacific  tropical  cyclones  confirm  the 
case  study  results  in  that  tropical  cyclone  intensity  can  be  monitored  from  ESMR-S  derived  rainfall 
parameters.  As  the  mean  tropical  cyclone  intensifies  from  a disturbance  to  typhoon  stage  the  aver- 
age LHR  increases  steadily.  The  mean  relative  contribution  of  the  heavier  rain  rate  (>S  mnh~> ) 
to  the  total  storm  ranfall  increased  from  .24  at  depression  stage  to  .33  at  storm  stage  and  finally  to 
.39  at  typhoon  stage.  The  radial  distance  of  the  maximum  rain  rate  from  the  center  decreases  with 
intensification  while  the  azimuthal  distribution  indicates  a slight  preference  for  maximum  rain  rate 
in  the  right  half  of  the  composite  storm  at  all  stages.  The  study  also  indicates  that  Eastern  Pacific 
hurricanes  have  less  LHR,  are  more  compact,  and  have  less  intense  rainfall  than  the  Western  Pacific 
typhoons. 
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.ABSTRACT 

At  37  GHi,  the  frequency  at  which  the  Nimbus  6 Electrically  Scanning  Microwave  Radiometer 
(ESMR  0)  measures  upwelling  radiance,  it  has  been  shown  theoretically  that  the  atmospheric  scattering 
and  the  relative  independence  on  electromagnetic  polarization  of  the  radiances  emerging  from  hydro- 
meteors make  it  possible  to  monitor  remotely  acti%'e  rainfall  over  land.  In  order  to  verifv'  e.sperimentally 
these  theoretical  Gndings  and  to  develop  an  algorithm  to  monitor  rainfall  over  land,  the  digitized  ESMR  6 
measurements  were  examined  statistically 

Horizontally  and  vertically  polarized  brightness  temperature  pairs  (Tn,Tr)  from  ESMR  6 were  sam- 
pled for  areas  of  rainfall  over  land  as  determined  from  the  rain  recording  stations  and  the  WSR  57  radar, 
and  areas  of  wet  and  dry  ground  twhose  thermodynamic  temperatures  were  greater  than  5°C)  over  the 
southeastern  United  States  These  three  categones  of  brightness  temperatures  were  found  to  be  sigmncantl> 
different  in  the  sense  that  the  chances  that  the  mean  vectors  of  any  two  populations  coincided  were  less 
than  1 in  100  Since  these  categories  were  signiGcantly  different,  classiocation  algorithms  were  then  de- 
veloped. Three  decision  rules  were  examined  the  Fisher  linear  classiner,  the  Bayesian  quadratic  clas- 
siGer,  and  a non-parametric  linear  classiGer  The  Bayesian  algorithm  was  found  to  perform  best,  partic- 
ularly at  a higher  conGdence  level  .An  independent  test  case  analysis  showed  that  a rainfall  area  delineated 
by  the  Bayesian  classiner  coincided  well  with  the  synoptic-scale  rainfall  area  mapped  b>  ground  recording 
rain  data  and  radar  echoes 


1.  Introduction 

Precipitation  is  a fundamental  meteorological  pa- 
rameter and  it  functions  as  an  indicator,  determinant 
or  component  of  the  distrihution  and  amount  of  latent 
heat  release  which  is  critical  to  the  understanding  of 
storm  and  global  atmospheric  energetics  and  of  the 
total  hydrological  cycle.  The  ability  to  monitor  the 
coverage  and  movement  of  rain  over  land  areas  is 
important  because  of  the  direct  impact  of  rain  on  crop 
production  and  also  its  influence  on  insect  breeding 
areas  and  migration  'Idso  et  M.,  19751.  Moreover,  the 
destructive  effects  due  to  heavy  rainfall  could  be 
reduced  by  advance  warnings  furnished  by  satellites 
that  map  regions  of  heavy  rain. 

Since  the  advent  of  the  polar  orbiting  and  geo- 
sxTtchronous  satellites,  quantitative  techniques  have 
been  developed  to  estimate  rainfall  indirectly.  Estima- 
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tions  of  rainfall  have  been  made  by  correlating  rain 
rate  and  amount  with  either  cloud  cover  and  type, 
cloud  brightness  or  cloud  temperature,  utilizing  visible 
and  infrared  sensors  on  board  these  satellites  (Barnett, 
1970,  1973;  Martin  and  Scherer,  1973,  Martin  (t  j/., 
1975;  Follansbee  and  Oliver,  1975,  Scofield  and 
Oliver,  1977 ; Griffith  et  al..  1978V  However,  all  these 
techniques  suffer  from  being  only  indirectK  related 
to  rainfall. 

The  microwave  technique  developed  by  Wilheit  et  al 
1,19771  has  a direct  physical  relationship  with  ram 
rate  but  only  over  ocean  areas.  This  technique  estab- 
lishes a relationship  between  rain  rate  in  the  dynamic 
range  of  1-20  mm  h“‘  and  brightness  temperatures 
iTs.'  measured  by  the  Electrically  Scanning  Micro- 
wave  Radiometer  on  board  Ximbus  5 lESMR  5'. 
w’hich  senses  at  19.35  GHz  upwelling  radiation  emitted 
by  the  earth  and  its  atmosphere. 

Meneelv  (19751  demonstrated  that  rainfall  rale  and 
coverage  cannot  be  delineated  using  ESMR  5 mea- 
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FiO.  1.  Computed  horizonully  utd  vertically  pol&rued  brightness  temperature 
gt  37.0  GHz  as  a function  of  rain  rate. 


surements  over  land  areas.  This  is  because  the  rain 
has  only  a weii  elTect  on  the  upwelling  Ts  from  the 
land  and  the  effect  of  soil  moisture  is  comparable. 
Thus,  although  rain-lilie  pattern  can  be  discerned  in 
the  data,  they  correspond  to  both  active  rain  areas 
and  areas  -.vith  moist  soil.  McFarland  and  Blanchard 
(.1977),  however,  did  demonstrate  that  rain  amounts 
over  land  could  be  estimated  indirectly  by  monitoring 
temporal  changes  in  the  ESMR  5 Tb- 
Savage  and  Weinman  (.1975)  and  Savage  el  al. 
(1976)  demonstrated  theoretically  that  at  37.0  GHz 
(the  frequency  at  which  the  Nimbus  6 ESMR  sensor 
measures  upwelling  radiance^  the  scattering  by  hy- 
drometeors is  strong  enough  to  provide  a qualitative 
estimate  of  ram  coverage  over  land.  Furthermore, 
Weinman  and  Guetter  .1977'  demonstrated  from  a 
theoretical  consideration  that  the  upwelling  radiation 
at  37.0  GHz  em.ergmg  from  rain  clouds  was  essentially 
unpolarized  and  therefore  was  in  contrast  with  the 
radiation  emanating  from  wet  surface  background. 
.According  to  the  electromagnetic  theory,  if  the  emis- 
sivity  of  a surface  is  reduced  by  increasing  its  di- 
electric constant  \as  by  adding  moisture^  then  the 
emissivity  will  be  highly  polarized  when  the  surface 
is  viewed  obliquely  These  results  are  demonstrated 
in  Fig.  I which  displays  theoretically  calculated  bi- 
polanzed  37  0 GHz  Te  at  -W’  incidence  angle  with 
the  earth  surface  for  a given  rain  rate.  These  Ts's 
were  derived  from  a radiative  transfer  model  with 
Lambertian  reflection  i,Born  and  Wolf,  1975.  from 
land  surfaces  at  a thermodynamic  temperature  of 
329.1  K and  with  a ii.\ed  dielectric  constant  and  an 
atmospheric  freezing  level  at  4 km  iWilheit  et  ui., 
19771.  It  IS  seen  from  this  figure  that  as  ram  rate 
increases  .beyond  4 mm  h~"  Ts  decreases  due  to 


strong  backscattering  by  the  large  raindrops.  .Also 
the  polarization  difference  becomes  smaller.  Moreover. 
Hall  et  al.  (1978)  inferred  theoretically  that  informa- 
tion analogous  to  that  provided  by  the  National 
Weather  Service  radar  summary  charts  can  be  produced 
when  both  ESMR  6 and  the  Temperature  Humidity 
Infrared  Radiometer  (THIRl  11.5  um  data  on  board 
Nimbus  6 are  used. 

Thus,  the  sum  and  substance  of  these  theoretical 
investigations  is  that  the  obliquely  viewed  37  GHz 
radiation  emitted  by  wet  soil  surfaces  is  polarized 
(Tv>Th),  whereas  radiation  emanating  from  dry  land 
or  heavy  rainfall  areas  is  essentially  unpolarized 
{Tv^Th''  Moreover,  Ts's  upwelling  from  dry  land 
areas  are  distinguishably  higher  than  those  from 
heavy  rainfall  areas  or  wet  land  surfaces.  Hence, 
according  to  these  theoretical  conclusions  rainfall  over 
land  can  be  at  least  qualitatively  delineated  and 
therefore  its  coverage  and  movement  can  be  monitored 
irrespective  of  the  land  background  by  employing 
37  GHz  measurements  from  the  ESMR  on  board 
Nimbus  6.  Quantitative  measurement  of  rainfall  over 
land  using  a 37  GHz  radiometer,  however,  appears 
less  promising. 

It  is  the  purpose  of  this  paper  to  substantiate  the 
above  conclusions  and  to  arrive  at  an  algorithm  for 
the  detection  of  rain  over  land  by  statistically  ana- 
lyzing ESMR  0 data.  This  statistical  analysis  will  be 
performed  by  drst  sampling  three  categories  of  ESMR  o 
fs's  .representing  ram  over  land,  wet  land  surfaces 
without  rain  and  dry  land  surfaces),  then  testing 
these  populations  for  uniqueness  and  separability,  and 
anally  developing  a ciassihcation  algorithm  to  delineate 
rain  over  land. 
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Tabu  1.  Oatn  of  synoptic  min  casm  used  to  devel  >p 
ESMR  6 cUssifientioB  sl(orithms. 


Case 

Date 

Tune 

(GMT) 

1 

31  Jul  197S 

1620 

2 

4 Aug  1975 

1635 

3 

1 Oct  1975 

1700 

4 

7 Nov  1975 

1700 

3 

12  Nov  1975 

1700 

6 

29  Dee  1975 

1717 

7 

3 Jan  1976 

1715 

8 

6 Jan  1976 

1655 

2.  The  ESMR  6 system 

The  ESMR  6 system  flown  aboard  Nimbus  6 
(Wilheit,  1975)  receives  the  thermal  radiation  upwelling 
from  the  earth's  surface  and  atmosphere  in  a 250  MHz 
band  centered  at  37  GHz.  The  antenna  beam  scans 
electrically  an  arc  of  70®  in  71  steps  ahead  of  the 
spacecraft  along  a conical  surface  'A-ith  a constant 
earth  incidence  angle  of  40®  every  5.3  s.  The  nominal 
resolution  is  20  km  crosstrack  and  45  km  downtrack. 
The  instrument  measures  both  horizontal  and  vertical 
polarization  components  by  using  two  separate  ra- 
diometric channels.  The  data  are  calibrated  using 
warm  (instrument  ambient)  and  cold  (cosmic  back- 
ground) inputs  to  the  radiometer. 

Examination  of  the  data  revealed  two  problems 
affecting  calibration,  apparent  modulation  of  the  loss 
of  the  antenna  during  the  orbit  and  excess  noise 
when  measuring  the  radiation  from  the  warm  calibra- 
tion load.  The  modulation  of  the  antenna  loss  was 
found  to  be  consistent  with  respect  to  sun  angle.  It 
showed  its  maximum  rate  of  change  as  the  spacecraft 
entered  the  sunlight  with  the  instrument  facing  the  sun 
and  fairly  rapid  changes  whenever  the  spacecraft  was  in 
t*.e  sunlight.  The  changes  were  rather  gradual  whenever 
the  spacecraft  was  in  darkness.  The  most  reasonable  ex- 
planation seems  to  be  thermomechanical  warping  of  the 
radome  modulating  the  coupling  among  the  radiating 
elcmeris  in  the  antenna.  An  empirically  derived  cor- 
rection as  a function  of  beam  position  has  been  applied 
to  the  data  to  correct  the  biases  in  the  data  due  to 
antenna  losses.  No  cause  is  easily  discerned  for  excess 
noise  in  the  warm  calibration  load  However,  the  data 
were  rejected  whenever  the  warm  calibration  load  was 
too  high  (>310  K)  or  too  low  (<290  K).  Otherwise, 
an  empirical  correction  was  applied  to  the  data  to 
mitigate  excessive  noise  due  to  warm  calibration  load. 
It  was  found  in  a more  subtle  study  by  Wilheit 
(1978),  where  the  effecu  of  wind  on  ocean  surface 
emission  at  37  GHz  were  estimated,  that  the  residual 
errora  of  these  problems  were  excessive  whenever  the 
instrument  was  in  the  sun.  Therefore,  only  nighttime 
data  were  used  for  that  study. 


The  Th  as  observed  from  the  satellite  is  dependent 
upon  the  emission  from  the  earth's  surface  modified 
by  the  intervening  atmosphere.  The  emissivity,  a func- 
tion of  the  dielectric  constant,  is  variable  over  land 
surfaces  (depending  on  vegetation,  soil  type,  soil 
moisture,  etc.)  and  generally  is  large  (~0.9).  In  rain 
situations  three  constituents  contribute  significantly 
to  the  absorption;  molecular  oxygen  (Meeks  and 
Lilley,  1963),  water  vapor  (Staelin,  1966)  and  liquid 
water  droplets  (Mie,  1908;  Gunn  and  East,  1954). 
Water  droplets  contribute  more  significantly  to  ab- 
sorption and  reemittance  than  the  other  constituents 
and  are  the  only  source  of  scattering  at  this  fre- 
quency. Ice  crystals  are  essentially  transparent  at 
this  frequency. 

3.  Data  sampling 

Simultaneous  ground  station  and  radar  measure- 
ments of  rain  and  ESMR  6 T*  were  needed  in  order 
to  develop  an  algorithm  which  classified  a given 
ESMR  6 instantaneous  field  of  view  (IFOV)  as  rain 
over  land,  dry  land  surface  or  wet  land  surface.  Eight 
daytime  synoptic -scale  rainfall  cases  over  the  south- 
eastern United  States  were  used  where  surface  rainrate 
data  taken  from  stations  reporting  hourly  rainfall 
amounts  and  from  the  WSR  57  radar  coincided  with 
Nimbus  6 overpass  to  within  5 min.  The  surface 
temperature  in  each  of  these  cases  was  not  less  than 
5®C.  Rain  areas  were  sampled  within  areas  delineated 
as  rain  by  either  the  WSR  57  radar  (rain  rates 
^ 2.5  mm  h“‘)  and/or  the  stations  reporting  hourly- 
rainfall  amounts.  The  dates  and  time  of  the  occur- 
rence of  these  cases  are  given  in  Table  1.  Wet  land 
surfaces  were  sampled  upwind  and  adjacent  to  the 
raincells  observed  on  the  WSR  57  radar  and  dry  land 
surfaces  were  sampled  over  areas  where  rain  had  not 
fallen  within  a 24  h period  previous  to  the  Nimbus  6 
pass. 

Fig.  2 illustrates  the  sampling  technique.  The  figure 
shows  the  ESMR  6 horizontally  polarized  Ts’s  tK) 
measured  at  approximately  1655  GMT  0 January- 
1976  together  w-ith  rainfall  as  delineated  by  the 
WSR  57  radar  (located  at  Way-cross,  Georgia  at 
1700  GMT)  and  by  stations  reporting  hourly  rainfall 


Tasiz  2.  Elementary  statistics  o(  sampled  data 
(surface  temperature 
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66 
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January  6, 1976  1656  GMT 

Fio.  2.  ESMR  6 Ikoriiootally  pol«rixcd  7«  (165S  GMT  6 Jtnuuy  1976)  supen  iposed  on  the  PPI 
WSR  57  rndnr  inugc  nt  Wnycrost,  Gcorfin  (.1700  GMT  6 Jnnutiy  1976) 

amount5.  The  ESMR  6 Ta's  are  within  the  field  of  the  horirontally  pwlarized  fa’s  over  the  radar  echoes 

view  of  the  radar  where  the  circle  shows  the  outer  and  the  wet  or  dry  land  areas  outside  the  radar  echoes 

bounds  of  the  PPI  image  at  a 232  Itm  radius.  The  are  all  about  the  same.  The  reason  for  this  non- 

shaded  area  represents  rain  (rain  rate  ^2.5  mm  h~^).  variability  of  Tf’s  is  that  the  rain  in  this  ^ose  was 

The  large  dots  are  hourly  rain  recording  stations  light  and  did  not  significantly  influence  the  hori- 

where  rain  amounts  (in  inches)  for  hours  ending  at  zontally  polarized  Tg’s  at  37  GHz. 

1700,  1600  and  1500  GMT  are  displayed  according 

to  model  in  the  figure.  If  no  rain  has  fallen  during  4^  Statistical  analysis 
that  period,  no  measurements  are  shown.  Station 

models  reporting  temperature,  present  weather,  cloud  Elementary  statistics  of  the  total  sampled  data 
type  and  amount,  and  wind  direction  and  speed  for  (ESMR  6 measurements  where  surface  thermodynamic 

1800  GMT  are  also  given.  The  small  dots  locate  the  temperatures  were  greater  than  5°C)  are  presented 

center  of  the  ESMR  6 footprints.  For  this  case,  in  Table  2.  The  table  ^ives  for  each  category  the 

ESMR  6 ft's  representing  rain  over  land  was  sam-  sample  size,  the  mean  a.id  standard  deviation  of  the 

pled  within  the  shaded  area.  The  Tt'i  representing  horizontally  and  vertically  polarized  Tg,  and  the  cor- 

wet  land  surfaces  were  sampled  southwest  of  the  relation  and  the  mean  difference  between  horizontally 

shaded  area  since  the  rain  area  was  moving  northeast,  and  vertically  polarized  Tg's.  These  data  are  also 

and  Tg's  representing  dry  land  surfaces  were  sampled  shown  u a scatter  plot  in  Fig.  3.  In  this  figure  the  C 

over  western  Georgia  where  rain  had  not  fallen  within  represents  the  mean  of  the  population  and  each  fre- 

24  h of  the  Ximbus  6 pass.  It  should  be  noted  that  quency  concentration  ellipse  encompasses  68^  (one 
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Nirvus  I CM  TV  vs  nt 
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ThIKI 

Fio.  i.  Vertically  polarized  vs  borizoocalty  polarized  EMSR  6 Tm  for  each  sampled  category  (rain 
over  land,  and  wet  and  dry  land  surfaces) 


Standard  deviation)  of  the  data  within  the  population. 
The  ellipses  reveal  the  extent  of  scattering  of  data 
from  each  population,  the  correlation  between  the 
dual  polarization  Ta's  {Th  and  Tv)  within  each 
population  (the  higher  the  correlation  the  larger  the 
eccentricity  of  the  ellipse),  and  the  extent  of  overlap 
among  the  populations.  The  three  concurrent  lines 
drawn  in  this  figure  are  the  Fisher  (1938)  linear 
discriminant  lines  which  separate  two-by-two  the  rain 
over  land  area  (5«),  the  dry  land  surface  (So),  and 
the  wet  land  surface  (Sw)  populations  represented  by 
the  Tb  pairs  (Th.Tv). 

It  can  be  seen  from  Fig.  3 and  Table  2,  that  Tg’i 
from  rain  areas  over  land  are  colder  than  those  Tj’s 
from  dry  land  surface  areas.  Further,  the  difference 
between  the  mean  horizontally  and  vertically  polarized 
T$’s  from  rain  areas  over  land  (6.45  K)  is  much 
smaller  than  that  for  wet  land  surfaces  (16.81  K). 
This  is  in  accordance  with  theoretical  findings  that 
microwave  radiation  emerging  from  hydrometeors  is 
essentially  unpolarized  (Weinman  and  Guetter,  1977) 
whereas  radiation  emanating  from  wet  land  surfaces 
is  polarized.  It  is  also  seen  from  Fig.  3 that  the  largest 
overlap  occtus  between  the  data  obtained  from  rainfall 
areas  and  wet  land  surfaces.  The  reason  for  this  is 
that  sometimes  in  sampling  rain  over  land  the  total 
upwelUng  radiance  received  by  the  radiometer  con- 
tains a direct  surface  contribution.  This  may  occtir 


when  an  IFOV  of  the  ESMR  6 measurement  is  par- 
tially filled  with  moderate  to  heavy  rain  or  when  it  is 
completely  filled  with  light  rain  (background  being 
wet  land  surface).  Consequently,  the  Fa's  for  each 
category  are  somewhat  simUar,  thus  producing  the 
overlap  between  rain  over  land  and  wet  land  surface 
classes. 

Since  the  surface  emission  is  given  by  tTs,  where 
I is  the  surface  emissivity  and  T s the  surface  thermo- 
d>mamic  temperature,  there  is  an  influence  of  Fs  on 
ESMR  6 measured  dry  land  surface  F».  decrease 
in  Fj  results  in  a decrease  in  Fa  from  dry  ground 
and  consequently,  the  Fa  contrast  between  dry  land 
surfaces  and  rain  over  land  will  also  decrease.  These 
effects  can  be  observed  in  Figs.  4 and  5 and  in  statistical 
Tables  3 and  4.  The  figures  and  tables  are  identical 
to  Fig.  3 and  Table  2,  respectively,  except  that  Fig.  4 
and  Table  3 correspond  to  sample  cases  where  the 
surface  thermod\'namic  temperatures  were  above  15°C, 
while  Fig.  5 and  Table  4 correspond  to  cases  where 
the  surface  thermodvmamic  temperatures  w ere  between 
5®  and  15®C.  It  is  clear  from  Fig.  5 and  Table  4 that 
rain  over  land  is  difficult  to  delineate  irom  dry  la.rd 
surfaces  when  the  surface  thermodynamic  temperatv.re 
is  below  15®C.  Since  the  populations  in  Fig.  5 cannot 
be  separated,  the  Fisher  linear  discriminant  lines  are 
not  drawn. 
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Taju  3.  Etamtatary  itatittia  of  umpM  dau 
(Mriaca  ttmptratun  > 1S*Q. 


lUla  ana  Dfy  (raaa4  Wal  aaU 
•aapla  riaa  (W)  U2  141  It 

Tat  fra  faa  Tr»  Taw  Trw 


Mm  (a)  IStJT  14J.21  270.22  274.41  IMJI  27242 

Mm  brioamta 
Maiptratara 

OMamet  4.41  4J4  1441 

M)  1.70  4J4  4.07  4.U  442  l.W 

laaolt  oomlatiaB 
aaiflctaai  btMan 

raaaOTXa)  OJJ  0.42  0.04 


Fig.  6 displays  the  marginal  densiaes  (histograms) 
of  the  sampled  horizontally  and  vertically  polarized 
fa's  from  the  three  populations.  Table  5 presents  the 
results  of  the  chi-square  test  (Cochran,  1952)  per- 
formed to  validate  the  normal  distribution  of  the  data. 
Since  each  observed  chi-square  value  in  Table  5 is 
comparable  to  the  corresponding  critical  (table)  value 
at  1%,  it  is  assumed  that  each  marginal  distribution 
of  the  data  is  Gaussian.  Therefore,  it  is  reasonable 
to  assume  that  the  dau  from  each  of  the  populations 
Sm,  Sd  or  Sw  satisfy  the  bivariate  Gaussian  density 
distribution 

2»|el* 

where  z is  the  two-dimensional  column  vector  {TiitTr), 
f is  the  mean  of  z,  c is  the  covariance  matrix  of  the 
population,  iT‘  is  the  inverse  of  c,  |c|  is  the  deter- 
miiunt  of  c,  and  (z— is  the  transpose  of  (z— p). 
The  V and  e are  estimated  using  the  sampled  data 
from  each  class.  Then  p's  are  provided  by  Table  2 
and  c,  c~‘  and  I c|  by  Table  6. 

Prior  to  employing  tbe  data  in  Table  2 for  the 
purpose  of  developing  classification  algorithms,  the 
data  were  examined  to  verify  whether  the  three 
populations  were  statistically  distinguishable  from  one 
another.  To  accomplish  this,  an  F (variance  ratio) 
test,  in  terms  of  Hotelling’s  P and  Mahalanobis’s  CF 
(ICihirsagar,  1972),  wu  performed  to  determine  the 

Tabu  4.  EUacntary  statistko  of  laaiptod  daia 
(turfact  ttfflpwatun  3-lS*C). 

Raia  ana  Dry  traaaO  W«t 
Maipit  (20  IM  N U 

r«a  rra  Taa  Tta  Tam  Trw 


Mm  (a)  144.M  124.71  Itt.ll  14147  144.04  UI41 

Mm  kXaaimi 
tHBotnian 

manrnm  244  12.44  17.74 

SmSard  drrlaUoa 

(41  1.14  4.40  11.04  4.22  7.27  14* 

jaaiQla  oacrtlaUao 

aHMdtat  bawaia 

Ta  aad  Tr  («)  0.41  044  044 


Tabu  3.  Chi-squait  tootior  BonBsUty. 


ItalB 

Ta  T> 

Dry 
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2 
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2 
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I2.W 

I2.M 

12.W 

1441 

1144 
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Otmi  i4  oalaa  at  x« 

1447 

a.17 

latt 

1144 

4.U 

1042 

sipiificance  of  the  differences  between  the  means  of 
any  two  classes.  Then  the  simultaneous  confidence 
intervals  were  estimated  for  these  differences  by 
Schefl^’s  procedure  (Scheffi,  1959;  Bennett,  1951). 

Table  7 displays  EF  and  P u well  u the  computed 
and  table  (critical)  values  of  P.  The  difference  be- 
tween the  means  of  any  two  classes  is  highly  sig- 
nificant since  the  observ^  value  of  F is  much  higher 
for  each  pair  of  classes  than  the  corresponding  critical 
(table)  va'-ie  of  F at  the  1%  confidence  level,  i.e., 
the  probaoility  that  the  mean  vectors  of  any  two 
populations  are  identical  is  less  than  1 in  100. 

Table  8 shows  the  estimated  confidence  intervals. 
It  can  be  seen  that  only  the  interval  for  the  differences 
between  the  wet  land  surface  and  rainfall  over  land 
mean  horizontal  polarization  Tf’s  contains  zero.  There- 
fore, the  three  populations  are  distinguishable  from 
one  another  when  the  dual  polarization  information 
is  taken  into  consideration.  However,  the  lower  bounds 
of  the  mean  differenca  between  rainfall  over  land 
and  wet  land  surface  Tg’i  is  smaller  than  those  of 
the  other  two  pain.  This  indicata  that  it  will  be 
more  diFrult  to  distinguish  an  area  of  rain  over  land 
from  wi.  waa  surfaca. 


Tabu  6.  Covariaac*  matricM  of  saatpUd  data. 


Jtam  arat 

Matrix 
Taa  Tra 

1 

lavtiic 

Taa  Tra 

Taa 

$2.23 

23.02 

0.0273 

-0.018$ 

Tra 

23.02 

33.93 

-0.0183 

0.0420 

Covariaaea  matrix  dettmiaaat:  1242.4240 

Dry  trawmd 

Matrix 

lavtrtc 

Tm» 

Tra 

Tmd 

Tw» 

Tmo 

MM 

16.31 

0.030 

-0.010 

16J1 

32.14 

-0.010 

0.022 

Covariaact  matrix  detenawaat:  1727.7496 

Wat  laii 

Matrix 

InvctM 

Taw 

Trw 

Taw 

Trw 

Taw 

90.39 

39.73 

0.034 

-0.033 

Trw 

39.73 

$«.28 

-0.033 

0.033 
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DRY  DROUND:  VIRTICAL  POLARIZATION 
MIAN  TIMPIRATURf:  27I.1IK 
RTANOARD  OlVIATION;  7Z2 


WIT  SOIL:  HORIZONTAL  POLARIZATION 
MIAN  TIMPIRATURI:  2UJ»K 
•TANDARO  OlVUTlON:  I.M 
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T,IK) 


WIT  SOIL:  VIRTICAL  POLARIZATION 
' MIAN  TIMPIRATURI:  ZM  J«  K 

STANOARO  OlVIATION;  7.70 
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T.UU 


Fa.  6.  Muginal  d«Mitiw  (hi*togiuu)  o(  tb«  luiplad  boriaoauUy  tad  verticsUy  poUrizad  Tt’$  from  tb«  thm 

POpuUdOM. 


S.  CUMificitioB  tlcorithao 

Since  the  populations  were  found  to  be  statistically 
distinguishable  and  satiahcd  the  Gaussian  frequency 
distribution,  three  classification  techniques  were  con- 
sidered with  the  purpose  of  developing  an  efficient 


and  effective  classification  algorithm  to  detect  and 
delineate  active  rainfall  over  land  from  dry  and  wet 
land  surfaces.  The  three  techniques  are  the  Bayesian 
classifier,  the  Fisher  linear  discriminant  classifier  and 
a non-parametric  linear  discriminant  classifier. 
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Tails  7.  SigniAcince  b*tw«tn  mMii  (F  test). 


MthalaaoWi't 

distance 

squaffd 

EF 

Hotelling’s 

r> 

ObMTVta 

vArUnce 

ratio 

F 

Table 
value  of 
fat  1% 

Rain  vs  dry 

9.13 

920.35 

459.04 

3.83 

Dry  vs  wf  t 

6.03 

295.13 

146.28 

3.87 

Rain  vs  wet 

4.00 

202.06 

100.67 

3.86 

Tltc  Btyesiin  classifier  is  a parametric  classifier 
(i.e.,  it  assumes  the  functional  form  of  the  relevant 
density  function).  The  non-parametric  linear  dis- 
criminant classifier  does  not  assume  a density  func- 
tion (Bond  and  Atkinson,  1972).  The  Fisher  linear 
discriminant  classifier  may  be  either  parametric  or 
non-parametric  (Fisher,  1938).  .All  three  methods  are 
termed  supervised  in  the  sense  that  it  is  necessain’ 
to  use  knoMit  sample  data  foi  the  various  classes  to 
train  the  algorithms.  Algorithms  were  developed  using 
ail  th^ee  classifiers  and  tested  using  independent  data. 
It  was  found  that  the  results  from  the  Bayesian 
classifier  were  superior  to  the  other  two  methods. 
Hence,  only  the  Bayesian  classification  technique  will 
be  described  in  the  following. 

The  Bayesian  classifier  is  a Gaussian  par..metric 
maximum  likelihood  quadratic  classifier  which  requires 
the  knowledge  of  the  a priori  probabilities  for  the 
occurrence  of  each  class  (Duda  and  Hart,  1973;  Fu 
et  al.,  1969).  It  minimizes  the  average  loss  due  to 
misclassification  while  -assuming  ihat  each  misclas- 
sification  is  equally  costly. 

It  minimizes  the  conditional  average  loss 

I(x,5.)- IX(5,lS.)i>(5.1x).  (2) 


where  X(5*  5,)  is  the  loss  incurred  when  a measure- 
ment xm{Tii,Tr)  actually  belonging  to  class  Sk  is 
placed  in  class  5,  and  P{S,  x)  is  the  a priori  proba- 
bility of  the  class  5,  occtuxing  having  observed  x. 
The  symmetrical  loss  function  \i5*  5,'  is  given  by 


X(St  I St) 


0,  i--k 

.',*-1,  2,  3. 

1,  i^k 


(3) 


Hence,  all  misclassifications  are  equallv  costl-.  and 
Eq.  (2)  now  reduces  to 


i(x,5,)-l-P(5»  X),  (4) 


Tails  8.  SimulUaraus  confidence  inters’ils  for  differences  be- 
tween meu  brifheness  tempcncures  represenciof  tmin  (R),  dry 
kD)  and  wee  (HO  areas. 


rolansailM 

Raui  y%  dry 

Dry  v;  ««t 

Wtt  VI  nia 

HoniMtal 
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( IS.N 

( 22.9S 

CS.II 

Vcrtial 

tS.00(»ro<-»ri 

6 

4.91  *j»r« 

« 1S» 

< 12.M 

< 101) 

where  F(5tlx)  is  the  conditional  orobaoility  that  the 
class  Sk  to  which  x is  assigned  ir  ect. 

The  likelihood  function  P(S  is  gi— n Sy  Bayes' 
rule 

P(5slx)-?(x|5*)i>(<  '<Z  f{x\S,)P(S,).  (5) 

where  P(x\S,)  is  the  bivariate  Gaussian  probability 
density  function  of  x given  that  x is  in  S„  arid  P(S,) 
is  the  a priori  proba'oility  of  the  class  S,  occurring. 
Sample  data  sizes  give.i  in  Table  2 provide  the  valuer 
of  P(.S,).  They  are  0.459,  0.401  and  0.140  for  the 
classes  Sr,  Sd  and  Sw,  re^oectively. 

Since  the  loss  given  by  Eq.  (4)  is  to  be  minimized, 
the  quadratic  discriminant  functions  are 

|,(x)-/*(5.)P(x' S.),  I- 1,2,  3.  (6) 

These  functions,  considering  the  relationship  in  £q.  (1\ 
lead  to  the  following  decision  rule.  The  measurement  x 
belongs  to  the  class  if 

2 [aP(Sk)-\n'.ct[  - (x~v*)'^cr‘(x'  V*) 

>2  ln/’(5,)-!nic,;  - (x-j(i,)'‘'c,-‘'x-v.)  (7) 

for  all  i^k,  where  c,  and  |i,  are  the  covariance  matrix 
and  the  mean  vector  of  the  class  S,.  Then  by  sub- 
stituting the  relevant  values  into  Eq.  (7),  one  arrives 
at  the  following  Bayesian  algorithm.  The  pi.xel  cor- 
responding to  the  given  vector  (Th,Tv)  is  rainfall 
over  land,  dry  land  surface  or  wet  land  surface,  re- 
spectively, depending  on  which  of  the  following  values 
is  the  largest : 

Pr{Th,Tv)  - -0.027rw=+0.038r«rv--0.042rr 

-I-3.826T;, + 12.2507^-2094.097,  (8) 

Pd{Th.Tv)  - -0  o3or,,»+o.o2or„rv-o.c22rr 

+ 10.720rw+6.81iri--24l2.l65.  (91 

Fw(r«,rvi  - -o.o34r«-+o.o7or«rv-o.o53rv- 

-1.6737'«+10.346rir- 1261.721.  ilOl 

T'..e  quadratic  function  iMahalanobis's  distance 
squared) 

Q»(x)-(x-y*)fc»-‘(x-v>)  (.11) 

is  a measure  of  distance  in  probabilistic  terms  between 
Vt  and  X and  has  a chi-square  distribution  with  two 
degrees  of  freedom  (Scheffe,  19591.  Theretore  a con- 


Tailx  9.  ProbabiUtiet  of  nuKlusificatioD : 
Theortticai  computation. 


known 

Ram 

C.assified 

Dry 

Wet 

Rain 

77.15 

666 

1619 

Dry 

6 67 

82.08 

:i  25 

Wet 

16  28 

11.29 

72.43 

.\vern*  icoiracy  77  22“^. 
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Tabu  10.  BAycsua  cUsuficBSon  error  mAtiiz 
detenmned  from  sompled  dotB. 


Known 

Rain 

danified 

Dry 

Wet 

Rain 

89.3S 

6.02 

4.63 

Dry 

7.41 

91.53 

1.06 

Wet 

27.27 

15.15 

57.58 

Avmtt  acoincy:  79.49%. 


fidence  value  F can  be  associated  with  each  classified 
pixel.  F is  given  by 


F(x)-25sj 


Kx(x)]‘i 


(12) 


where  n,  is  the  distance,  in  terms  of  standard  devia- 
tion fro..i  the  mean,  to  which  zero  confidence  value 
is  assigned. 

This  ma.ximum  likelihood  decision  rule  selects  one 
class  from  a set  of  predetemiined  classes  (5«,  So,  Sw 
in  the  present  context)  to  which  a pixel  represented 
by  xm{TH,Tv)  most  likely  belongs.  The  associated 
confidence  value,  Fix),  measuring  the  distance  in 
probabilistic  term-,  of  x from  the  mean  pi  int  of  the 
selected  class,  is  calculated  according  to  Eq.  (12). 
The  hypothesis  that  a pixel  actually  belongs  to  a 
selected  class  may  be  accepted  or  rejected  based  on 
this  confidence  value.  If  the  confidence  value  is  greater 
than  a predetermined  value  (153.0,  173.5  and  204.0, 
respectively,  in  the  case  of  60,  70  and  80%  confidence 
l*-'els),  the  hypothesis  is  accepted  and  the  pixel  is 
put  in  the  selected  class;  otherwise,  the  hypothesis 
is  rejected  and  the  pixel  is  put  in  the  unknown  class. 
The  problem,  of  course,  is  to  assign  the  appropriate 
values  for  thresholding  the  confidence  value  parameter. 


6.  Error  analysis 

.An  error  estimate  was  made  in  order  to  evaluate 
quantitatively  the  performance  of  the  Bayesian  clas- 
sification algorithm.  The  error  rates  were  computed 
according  to  the  asymptotic  formulas  given  by  Oka- 
moto  (1963),  assuming  that  the  populations  satisfy 
the  Gaussian  distribution,  have  different  means,  and 
have  the  same  covariance  matrices.  The  results  are 
shown  in  Table  9.  Virtually  all  of  the  misclassification 


probability  in  each  case  was  accounted  for  by  the 
first  term  of  the  asyntptotic  e.xpansion 

where 

Ni+Nt-S  2(iVi+iV-) 

D» (14) 

iVi4-iV,-2  iV.ATj 

D is  Mahalanobis's  distance  and  .V;,  .Vj  are  sample 

sizes  of  the  populations  under  consideration.  Only  a 

small  fraction  is  contributed  by  the  rest  of  the  terms. 
From  Table  9 it  is  clear  that  the  chance  of  incorrectly 
classifying  wet  land  surfaces  or  dry  land  surfaces  as 
rain  over  land  is  nearly  23%.  But  when  a given  pixel 
is  classified  as  a raining  area  and  each  of  the  eight 
contiguous  pixels  that  cluster  around  it  is  also  clas- 
sified as  rain  over  land,  then  the  chance  of  misclas- 
sification of  that  central  pixel  is  reduced  to  7.7XlO-*% 
assuming  each  pixel  is  independently  classified. 

Table  10  dispIaN's  the  actual  probabilities  that  the 
Bayesian  algorithm  classify  the  sampled  training  data 
into  the  various  populations  is  as  indicated.  The 
average  accuracy  is  the  mean  of  the  diagonal  elements 
of  the  corresponding  error  matrix,  and  these  averages 
compare  well  with  the  estimated  average. 

Tables  11  and  12  show  the  estimated  error  matrices 
corresponding  to  data  which  came  from  land  areas 
where  the  surface  thermodynamic  temperature  was 
less  than  or  greater  than  15*C,  respectively.  It  is 
apparent  from  the  tables  that  the  classifications  are 
not  definitive  when  the  surface  thermodynamic  tem- 
perature is  between  5’  and  15°C. 

7.  Algorithm  evaluation 

.A  case  not  previously  used  in  sampling  was  tested 
to  verify  qualitatively  the  performance  of  the  Bayesian 
classification  algorithm.  This  case  consisted  of  a syn- 
optic-scale rain  pattern  over  the  southeastern  United 
States  (14  September  1976)  which  was  observed  by 
the  ESMR  6 sensor  (surface  thermodynamic  tem- 
perature ^ 15°C).  Fig.  7 shows  the  rainfall  area 
delineated  by  the  WSR  57  radars  and  hourly  rainfall 
reporting  stations.  The  approximate  time  of  the  radar 
PPI  images  was  1630  GMT  (within  5 min  cf  the 
Nimbus  6 pass).  The  reporting  times  of  the  hourly 


Tablz  11.  Probabilitin  of  misclusificaticn ; Tibu.  U.  Probabilitirs  of  miscIassincsiUQn. 

Theoretical  computation  t<IS°CV  Theoretical  cotr.puuuon  !>15“C). 
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Rain 
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Dry 

Wet 

Known 

Rain 

Classified 

Dry 

Wet 

Rain 

45.90 

36.23 

17.78 

Rain 

74.83 

11.76 

l,v41 

Dry 

36.26 

23.99 

39.75 

Drv 

;i.75 

77.66 

10.59 

Wet 

18.03 

41.36 

40.11 

Wet 

13.39 

10  72 

75.69 

.Avciage  accuracy:  36.70%.  .\verage  accuracy:  76.06%. 
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Ftc.  7.  Runfall  over  the  southeut  United  Sutes  u delineated  by  the  WSR  57  radar  and  hourly 
rainfall  reporting  itauona.  Time  o(  the  dats  is  approximately  1630  G7dT  14  September  iv7o. 


precipitation  amounts  were  1500,  l&OC  ^nd  1700  GMT.  lineated  by  the  Nimbus  6 THIR  11.5  urn  channel 
The  shaded  area  within  the  WSR  57  radar  PPT  range  where  equivalent  blackbody  temperatures  Tsb^  270  K 
(232  km)  is  rainfall  area  with  rain  rates  >2.5  nm  h"'.  (Shenk  ei  ai..  1976'.  Rain  areas  in  the  absence  of  rain 
The  radars  were  located  at  Waycross  and  Macon,  producing  clouds  are  considered  misclassihcations. 
Georgia;  Charleston,  South  Carolina;  and  Wilmington  Regions  only  covered  by  clusters  of  contiguous  pi.xels 
and  Cape  Hatteras,  North  Carolina.  Surface  station  classified  into  a single  individual  class  are  shown, 
data  ^present  weather,  temperatures,  cloud  type  and  since  the  probability  of  misclassifying  clusters  is  much 
amount,  precipitation  amount  in  three  hours,  and  wind  less  than  that  of  a single  pt.vel. 

velocity  and  direction)  were  taken  at  1300  GMT.  It  is  seen  by  comparing  the  two  Ba>esian  dassifi- 
Hourly  rainfall  is  also  shown.  iSee  model  in  Fig.  7.)  cauon  maps  at  70  and  confidence  level  Figs.  3 
The  Ba>esian  ;70  and  30*^  confidence'  classifica-  and  9.  respectively ' with  the  map  delineating  observed 
tion  maps  are  seen  in  Figs.  3 and  9,  respectively  rain  Fig.  7'.  that  the;  agree  well.  particulari>  at  the 
.Areas  of  clouds  most  likely  producing  rain  are  de-  30^^  confidence  level  No  attempt  was  made  to  venf> 

■» 
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wet  Und  surfaces.  The  80%  confidence  Bayesian 
classification,  however,  did  n<)t  delineate  rain  over 
eastern  South  Carolina  as  well  as  the  70%  confidence 
classification.  This  is  because  the  requirement  of  80% 
confidence  level  is  obviously  too  stringent. 

The  main  discrepancies  found  between  the  ESMR  6 
observed  rainfall  and  ground  observed  rainfall  is  seen 
over  North  Carolina  and  southwatem  Georgia.  The 
rainfall  indicated  by  ESMR  6 over  North  Carolina 
may  be  suspended  liquid  water  in  the  clouds  and/or 
virga  ahead  of  the  rain  area  (the  area  of  rain  was 
moving  northeastward  toward  North  Carolina).  The 
ESMR  6 delineated  rain  over  southwestern  Georgia, 
which  was  upstream  from  the  rain  area,  may  be  due 
to  wet  land  surfaces  produced  by  the  rain  that  fell 
a few  hours  prior  to  the  Nimbus  6 pass. 

The  Bayesian  classification  algorithm  was  applied 
to  another  test  case  (1645  GMT  27  .August  1976, 
surface  thermodynamic  temperatures  were  ^ 15“C) 
over  the  same  geographical  area  as  the  previous  case 
in  order  to  determine  whether  the  surface  charac- 
teristics (vegetation,  soil  moisture  and  surface  rough- 
ness) had  influenced  the  classification  performed  in 
the  previous  case.  During  these  periods  the  area  was 
under  the  influence  of  a Bermuda  high.  Also  there 
was  a squall  line  located  in  southwestern  V'irginia 
and  e.xtending  south  westward  into  Tennessee.  Rainfall 


Fig.  8.  ESMR  6 derived  raialaU  dutribution  uiisg  the  Bayesian 
daiiifier  with  a coahdtnce  level  ol  Tune  at  Nunbus  6 pass 
was  1630  GMT  14  September  1976. 


was  associated  with  this  squal  line  and  along  the 
Gulf  States.  Fig.  10  shows  the  80%  confidence  level 
Bayesian  classification  map  superimposed  over  the 
surface  station  models.  The  reporting  time  for  these 
stations  was  1800  GMT.  The  figure  shows  that  the 
only  areas  classified  as  rain  over  land  were  along  the 
Gulf  Coast  and  in  eastern  Tennessee.  The  regions  in 
the  previous  case  where  the  algorithm  showed  rainfall 
were  classified  as  dry  land  surfaces.  Hence,  there  were 
no  influences  of  e.rtraneous  surface  characteristics  on 
the  outcome  of  the  previous  case  study. 

However,  contradicting  results  occurred  when  the 
Bayesian  classification  algorithm  was  applied  to  a 
nighttime  Nimbus  6 pass  over  the  same  geographical 
area  (0525  GMT,  13  September  1976)  where  surface 
thermod>Tiamic  temperatures  were  > 15°C  and  there 
was  no  synoptic-scale  rainfall.  .Almost  all  pi.xels  were 
classified  by  the  algorithm  as  rain  over  land.  .An 
eiamination  of  the  ESMR  6 vertically  polarized  Tb's 
showed  that  the  temperatures  were  below  0°C.  Since 
calibration  of  the  nighttime  data  is  better  than  that 
of  daytime  data  (Wilheit,  1978),  this  anomaly  may 
be  attributed  to  the  changes  in  the  surface  emissivity 
caused  by  the  presence  of  dew  on  the  vegetation. 
The  0600  GMT  National  Weather  Service  map  indi- 
cated that  the  conditions  were  ideal  for  the  formation 
of  dew.  .A  large  anticyclone  centered  over  Virginia 
produced  clear  skies,  winds  less  than  5 kt  and  aew 
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Fic.  10.  A*  in  Fig.  9 except  »t 

point  temperature  di;7erences  of  less  than  3‘’C  over 
the  majority  of  the  reporting  stations  in  the  southeast 
United  States.  Therefore,  the  classification  algorithm 
trained  by  data  sampled  from  Nimbus  6 daytime 
passes  can  be  employed  only  when  dew  is  absent. 

8.  Conclusion 

Statistical  analyses  v ere  performed  on  the  sampled 
ESMR  6 data  for  the  purpose  of  delineating  rainfall 
areas  over  land  from  dry'  and  wet  land  surfaces.  It 
was  found  that  synoptic-scale  rainfall  over  land,  where 
surface  thermodynamic  temperatures  were  greater  than 
15°C  and  where  the  vegetation  was  not  covered  with 
dew,  could  be  delineated  despite  the  large  ESMR  6 
IFOV  However,  there  was  some  ambiguity  in  dis- 
tinguishing between  rainfall  over  land  and  wet  land 
surfaces. 


1645  GMT  27  August  1976 
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ABSTRACT 

Durios  Um  1973,  1970  u4  1977  Nonh  Atlantic  huiricMC  seuont,  NOAA's  National  Environmental 
Satellite  Service  (NESS)  and  NASA's  Goddard  Space  Flipht  Center  (GSFC)  conducted  t cooperative 
profran  to  detomine  the  best  resolution  and  freqbency  now  available  from  utellite  imaces  for  derivins 
winds  to  study  and  forecast  tropical  cyclones.  Rapid^scan  imapes  were  obtained  in  1973  at  7.3  min  interval 
from  SMS  2 for  Hurricane  Eloise  on  22  September  and  of  tropical  cyclone  Caroline  on  21.  29  and  30 
Aupusi;  in  1976  at  3 min  intervals  from  COES  I for  tropKal  storms  Belle  on  3 Aupust  and  Hotly  on  23 
October;  and  in  1977  at  3 min  intervals  from  GOES  I for  tropical  cyclone  Anita  on  30  and  31  August 
and  I September.  Ooud  motions  were  denved  from  these  imapes  using  the  Atmospheric  and  Oceano- 
graphic Information  Processing  System  (AOIPS)  at  GSFC.  Winds  that  were  derived  from  the  move- 
ment of  upper  (~200  mb)  and  lower  tropospheric  (-900  mb)  level  clouds  using  rapid  scan  data  were 
compared  with  the  13  and  30  mui  interval  data.  This  was  done  using  visible  images  having  I.  2.  4 and  S 
km  resolution  fbr  the  areas  within  630  km  of  the  storm  center  for  the  1973  and  1976  tropical  cyriones. 
Gieaiar  than  10  (3)  tunes  as  many  clouds  could  be  tracked  to  obtain  winds  at  both  levels  using  3 and  7.3 
min  rapid-scan  images  as  when  using  30  min  (13  min)  interval  images.  In  addition,  by  using  the  frequent 
images,  it  was  possible  to  track  a fow  bright  areas  within  the  central  dense  overcast  which  appeared 
to  be  moving  with  the  winds  at  low  levels.  For  Hurricanes  Elotse  and  Caroline  the  winds  that  were 
derived  by  tracking  these  bright  areas  within  the  central  dense  overcast  had  speeds  differing  in  the  mean 
by  only  2.3  m s'*  from  the  wind  speed  measured  by  aircraft  flying  at  -0.3  km  above  the  surfhee  in 
the  saoM  quadrant  4 h later.  Full-resolution  visible  images  ( I km)  were  needed  to  track  slow  moving 
low-level  cloud  elements,  since  on  a degraded  resolution  image,  subpixel  movement  would  introduce 
additive  inaccuracies  to  the  wind  measurements.  Rapid-tcan  ftill-resolution  (30ES  1 data  for  tropical  cy- 
clone Amta  ( 1977)  provided  representauve  wind  flelds  only  outside  the  central  dense  overcast  at  the 
lower  tropospberk  level.  For  this  area  aircraft-measured  wind  speeds  differed  in  the  mean  again  by 
only  2.3  m s"'. 


1.  lotrodoctioa 

The  destruction  emuied  by  tropical  cyclones  af- 
fecting the  United  Sutes  has  increased  at  an  alarm- 
ing rate.  In  the  decade  from  1965-74,  the  average 
annual  cost  from  tropical  cyclone  damage  was  nine 
times  greater,  even  after  adjustments  for  inflation, 
than  during  the  decade  from  1915-24  (Gentry,  1966). 
By  contrast,  the  loss  of  life  caused  by  tropical  cy- 
clones decreased  considerably  after  1935  with  the 
improvement  of  the  warning  service. 


It  is  a common  belief  that  improving  the  warning 
services  requires  improved  numerical-dynamical 
models  for  forecasting  hurricane  motion  and  inten- 
sity and  a bener  knowledge  of  the  initial  meteoro- 
logical parameters.  In  particular,  initial  wind  data  at 
several  levels  from  the  surface  to  the  lower  strato- 
sphere extending  outward  from  the  center  to  include 
the  environment  of  the  tropical  cyclone  are  needed. 
Elsberry  (1977)  suted  that  the  poor  results  in 
forecasting  the  translation  speed  from  the  coarse- 
grid  venion  of  his  tropical  cyclone  prediction  model 
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was  attributable  to  the  deficiency  of  wind  data  for 
the  initial  field.  Elsberry  also  noted  that  additional 
wind  data  are  not  only  needed  around  the  tropi- 
cal cyclone  center  but  within  the  surrounding  cloud 
system  out  to  -600  km  from  the  center.'  In  addition. 
Hovermale  and  Livezey  (1977)  showed  that  the 
introduction  of  a more  realistic  outer  circulation 
(3(X)-1100  km  from  the  center)  to  their  modeled 
spinup  storm  would  reduce  their  vector  position 
errors.  For  the  1976  Atlantic  tropical  cyclone  sea- 
son, the  vector  position  errors  for  the  36  and  48  h 
forecasts  increased  by  approximately  a factor  of  3 
for  storms  over  data-void  ocean  areas  as  compared 
to  storms  nearer  to  coastal  stations. 

Data  outside  6(X)  km  from  the  center  are  usually 
obtained  from  radiosonde  networks,  transoceanic 
aircraft  flights  and  from  cloud  motion  wind  analyses 
at  approximately  the  900  and  200  mb  levels  obtained 
from  operational  scanning  geosynchronous  satellites. 
Within  the  tropical  cyclone  cloud  systems  the  only 
real  source  of  wind  data  is  the  hurricane  recon- 
naissance aircraft  flight.  However,  the  quantity  of 
wind  data  obtained  from  tl  se  flights  is  not  suffi- 
cient for  these  numerical-dynamical  models  and,  in 
fact,  the  tendency  in  recent  years  is  to  reduce  the 
quantity  by  decreasing  the  number  of  flights.  There- 
fore, there  is  a great  need  to  obtain  additional 
wind  data  from  another  source. 

An  excellent  source  for  the  upper  troposphere 
has  been  the  motion  of  clouds  tracked  with  succes- 
sive infrared  and  visible  images  obtained  opera- 
tionally from  the  family  of  geosynchronous  satellites 
at  ~30  min  intervals.  However,  less  success  has 
been  found  using  cloud  tracking  to  obtain  winds  at 
lower  levels  near  tropical  storms.  One  reason  for 
the  lack  of  success  is  that  many  of  the  clouds  of  the 
type  and  size  best  suited  for  tracers  at  low  levels 
do  not  persist  or  maintain  their  identity  for  even  30 
min.  This  has  been  observed  by  many  previous 
investigators.  For  example,  Fujitaer  ai  (1975)  ob- 
served that  cloud  turrets  ranging  between  0.5  to  3.2 
km  in  size  which  they  found  to  be  the  best  targets 
to  infer  winds  within  the  subcloud  layer  were  hard 
to  track  targets  in  a tracking  point  of  view  because 
they  were  relatively  short  lived.  Another  problem  in 
tracking  low-level  clouds  within  the  area  of  the 
tropical  cyclone  cloud  system  is  that  these  low-level 
clouds  that  are  sometimes  seen  through  the  breaks 
in  the  cirrus  frequently  are  only  observable  for  a 
short  period.  Therefore,  in  order  to  supply  the 
numerical-dynamical  models  with  additional  cloud- 
derived  low-level  winds  within  the  tropical  cyclone 
cloud  system,  more  frequent  observations  from  the 
geosynchronous  satellite  should  be  obtained. 

To  verify  this  hypothesis,  the  National  Aeronau- 
tics and  Space  Administration  (NASA)  and  the 


' Pnioiul  communication.  1977. 


National  Oceanic  and  Atmospheric  Administration 
(NOAA)  initiated  a cooperative  project  to  use  rapid- 
scan  satellite  imagery  to  obtain  more  wind  data  in 
tropical  cyclones  during  the  i975-77  hurricane  sea- 
sons. The  goals  of  the  project  were  to  obtain  more 
winds  needed  by  the  hurricane  researchers  (includ- 
ing models)  and  forecasters  and  to  determine  the 
optimum  space  and  temporal  resolution  of  the  geo- 
synchronous satellite  data  used  to  derived  winds. 
Limited-scan  visible  and  infrared  images  were  ob- 
tained at  7.5  min  intervals  from  the  Synchronous 
Meteorological  Satellite  (SMS  2)  in  1975  and  at  3 min 
intervals  from  the  Geostationary  Operational  En- 
vironmental Satellite  (GOES  1)  during  the  1976  and 
1977  tropical  cyclone  season  for  a few  hours  on 
selected  tropical  cyclone  days.  These  were  for  tropi- 
cal cyclones  Eloise  (22  September  1975).  Caroline 
(28,  29  and  30  August  1975),  Belle  (5  August  1976), 
Holly  (26  October  1976)  and  Anita  (30.  31  August 
and  1 September  1977).  Winds  were  obtained  at  the 
lower  and  upper  tropospheric  levels. 

2.  Analysis 

The  hypothesis  that  cumulus  and  cirrus  cloud 
translation  approximates  the  speed  and  direction  of 
the  ambient  flow  at  the  cloud-base  level  has  been 
tested  using  aircraft  observations  in  the  trade  wind 
regime  over  ocean  areas  (Hasler  ei  al.  1977).  Move- 
ment of  cumulus  clouds  3-15  km  in  diameter  with 
bases  at  960  mb  and  tops  at  600-700  mb  had  a vector 
difference  from  the  ambient  flow  at  cloud  base  of 
1.3  m s"‘.  The  average  difference  found  between 
a limited  number  of  cirrus  clouds  and  the  ambient 
flow  within  the  cloud  layer  was  1.6  m s~'. 

The  clouds  for  the  five  tropical  cyclones  were 
tracked  on  NASA's  Atmospheric  and  Oceanographic 
Information  Processing  System  (AOIPS)  using  a 
series  of  infrared  or  visible  SMS  2/GOES  1 satellite 
digitized  images  (Billingsley,  1976).  This  system 
allows  a user  to  interactively  modify  digital  images 
and  to  display  the  results  on  a television  monitor 
through  utilization  of  a computer  software  package 
called  the  Meteorological  Data  Processing  Package 
(METPAK).  To  track  clouds  using  the  METPAK 
software,  a sequence  of  images  at  a given  time 
interval  must  first  be  registered  by  aligning  recog- 
nizable land  features  in  each  image.  A correction 
is  made  for  image  distortion  caused  by  satellite 
oscillating  orbit  motion  and  the  axes  not  being 
parallel  to  the  earth's  orbit.  The  recognizable  land 
feature  is  earth  located  by  utilizing  a navigation 
algorithm  adapted  from  the  University  of  Wiscon- 
sin's McIDAS  navigation  routine  (Smith,  1975). 
The  algorithm  translates  image  coordinates  (pixel, 
lines)  to  earth  coordinates  (latitude,  longitude)  <vith 
respect  to  the  land  feature.  The  images  are  then 
displayed  in  time  lapse  sequence  on  the  television 
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monitor.  Either  the  centroid  or  an  identifiable  point 
on  the  cloud  that  can  be  seen  on  all  images  (at  least 
three  images  are  used)  are  tracked  subjectively  by  a 
moving  cursor  or  objectively  using  an  image  correla- 
tion mode.  The  displacement  of  the  cloud  in  earth 
coordinates  divided  by  the  time  interval  between 
images  gives  the  wind  velocity. 

Other  options  in  the  METPAK  software  package 
involve  variations  of  the  spatial  resolution  of  the 
image  and  determination  of  cloud  height.  The  cloud 
height  is  calculated  by  estimating  the  cloud  optical 
thickness  for  the  observed  cloud  brightness  and  the 
infrared  emissivity  using  KirchofT s law.  The  cloud 
optical  thickness  is  calculated  by  a multiple- 
scattering program  designed  for  the  McIDAS  at  the 
University  of  Wisconsin  (Smith,  1975).  The  emis- 
sivity and  the  percent  of  cloud  coverage  as  obtained 
from  the  visible  image  arc  used  to  determine  the 
cloud  top  temperature.  The  cloud  top  is  then  esti- 
mated using  the  standard  atmosphere  corrected  for 
latitude  and  date.  The  cloud  height  was  used  to 
assign  the  level  for  which  the  clouds  were  tracked. 
Clouds  above  the  350  mb  level  were  assigned  to 
the  upper  troposphere,  while  those  below  700  mb 
were  accepted  as  low  tropospheric  clouds  except 
near  the  center  of  tropical  cyclones.  The  few 
clouds  found  between  these  levels  were  not  traced. 

The  spatial  a.id  temporal  resolutions  that  were 
used  for  clouds  tracked  for  both  the  lower  and 
upper  troposphere  for  each  of  the  five  tropical 
cyclones  are  listed  in  Table  1.  Time  of  observation 
during  the  daylight  hours  was  approximately  be- 
tween 1300  to  1900  GMT.  Visible  images  (designated 
by  V in  table)  were  primarily  u.sed  to  track  clouds 

Table  1 Spatial  anU  lemporal  resolution  of  the  SMS 
GOES  I imagery  used  to  track  clouds  for  each  of  the  Ave  tropical 
cyclones 


Space  Temporal  r««oKitHKi  >nnni 

1 solution  .1.  ■ .-1.1—  — ■ . 

iiimt  3*3  13  JO 
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C*foiirte  V 
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CinXine  V 

Bede  1 3'^V)  v 
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Anite  1 30  'If*" 
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^ Elo»»e  IR  Eioi*e  IR 

Elo.*e  V 
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Table  2.  Hurricane  Eloise  22  September  1975.  Number  of 
low-level  wind  vectors. 


Dilunce  from  center  ikm) 

0-222 

0-444 

0-666 

JO  min  2 km  V 

0 

1 

1 km  V 

0 

1 

9 

13  min  2 km  V 

0 

3 

1 km  V 

0 

6 

19 

7.3  min  4 km  V 

4 

34 

2 km  V 

4 

38 

1 km  V 

4 

38 

119 

at  both  levels:  however,  the  infrared  (designated  by 
IR  in  the  table)  was  used  to  track  upper  tropospheric 
clouds  for  tropical  cyclone  Eloise  in  a simulation  of 
nighttime  coverage. 

3.  Results 

The  results  from  the  SMS  2 images  of  tropical 
cyclones  Eloise  and  Caroline  are  presented  in  Tables 
2-5.  Low  tropospheric  clouds  were  tracked  for  both 
tropical  cyclones  using  at  least  three  successive 
visible  images  with  sp.atial  resolutions  of  1.  2 and  4 
km.  The  time  intervals  between  images  were  7.5. 
15  and  30  min.  No  cloud  element  was  tracked  that 
could  not  be  delineated  in  all  images  of  each  se- 
quence. 

Table  2 shows  the  number  of  low  tropospheric 
clouds  tracked  for  Hurricane  Eloise  at  radial  dis- 
tances of  222.  444  and  666  km  from  the  center  for  a 
given  spatial  and  temporal  resolution.  Improved 
temporal  resolution  substantially  increased  the 
number  of  traceable  low  tropospheric  cloud  ele- 
ments. The  shorter  interval  data  not  only  improved 
the  cloud  temporal  continuity  but  also  eliminatta  the 
ambiguity  caused  by  tracking  cloud  growth  rather 
than  displacement.  From  the  center  out  to  666  km, 
the  7.5  min  interval  images  increased  the  number  of 
traceable  cloud  elements  by  more  than  a factor  of 
lO  (5)  over  that  of  the  30  min  (15  min)  interval 
images.  Within  222  km  from  the  center,  cloud  ele- 
ments could  only  be  tracked  using  shorter  interval 
images. 

Figs.  1.  3 and  4 illustrate  the  distribution  and 
the  number  of  wind  vectors  using  1 km  spatial 
resolution  images  at  time  intervals  of  7.5.  15.  and  30 
min.  respectively  Improved  temporal  resolutions 
not  only  mcreased  the  number  of  traceable  cloud 
elements  but  also  corrected  an  erroneous  wind 
[west-northwest  wind  444  km  southeast  of  the 
center  (see  Fig.  4)]  caused  by  tracing  cloud  growth 
rather  than  cloud  motion  and  added  wind  informa- 
tion within  the  eye  wall. 

Improved  spatial  resolution  in  the  case  of  Eloise 
did  benefit  the  tracking  of  small  siratocumuius 
el-'ments  in  the  stable  air  west  of  the  center  and 
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Fic.  I.  Low-level  winds  (kt)  denved  from  cloud  movements 
between  three  successive  SMS  Z pictures  with  I km  resolution 
end  7.3  min  intervals  (1842,  1850.  1857  GMT)  on  22  September 
1973  of  Humcane  Eloise 

small  cumulus  elements  south  and  east  of  the  center. 
At  spatial  resolution  >1  km,  no  attempt  was  made 
to  track  clouds  outside  the  radius  of  444  km  from 
the  center  of  Hurricane  Eloise.  Full-resolution  (1 
km)  visible  images  were  also  found  to  be  important 
for  tracking  low  tropospheric  clouds  within  the 
central  dense  overcast  where  the  clouds  are  diffi- 
cult to  delineate  because  of  the  cirrus;  and  over  the 
land  where  the  sometimes  slower  moving  clouds 
moved  less  than  one  television  display  pi.xel  using 
the  2 and  4 km  resolution.  In  using  the  infrared 
images,  little  information  was  obtained  for  tracing 
lower  clouds  even  at  full  spatial  resolution.  Figs.  1 and 
2 illustrate  the  distribution  and  the  number  of  wind 
vectors  that  are  derived  from  the  motion  of  L»w- 
level  cloud  elements  at  I and  4 km  spatial  resolution 
using  visible  .mages  at  7.5  min  intervals. 


wm am 

Fic.  2.  ,\i  m Fig.  1 except  with  4 km  resolution. 


ws mr 


Fic.  7 .xs  in  Fig.  I except  with  I km  resolution  and  15  min 
intervals  (1842,  1857.  I9l2  C.MT). 

Cirrus  clouds  were  examined  for  Hurricane  Eloise 
using  visible  and  infrared  images  at  7.5  and  30  min 
intervals.  The  purpose  of  using  the  infrared  images 
was  to  determine  if  rapid  scan  images  could  be 
of  any  greater  v Jue  at  night  than  the  30  min  interval 
images.  The  spatial  resolution  used  for  the  visible 
and  infrared  images  were  2 and  8 km.  respectively. 
No  additional  information  was  obtained  when  track- 
ing upper  tropospheric  clouds  by  using  visible  images 
at  I km  as  compared  to  2 km  resolution. 

Table  3 summarizes  the  results  for  the  high  clouds. 
Within  666  km  from  the  center,  approximately 
twice  as  many  clouds  could  be  tracked  using  the 
2 km  resolution  visible  as  compared  to  the  8 km 
resolution  infrared  imagery.  Thus,  the  structure  of 
cirrus  clouds  is  best  delineated  with  higher  spatial 


Fic.  4 As  in  Fig.  I except  with  I k-n  resolution  and  30  min 
mtervels  1 1820.  1850.  1920  GMT) 
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TaILI  }.  Hurricane  EIoim  22  September  1975  1900  GMT. 
Number  of  high-level  wind  vectors. 


Distance  from  center  (km) 

0-222 

0-444 

0-666 

30  min  8 km  IR 

0 

3 

6 

2km  V 

0 

5 

9 

7.5  min  8 km  IR 

1 

13 

30 

2 km  V 

10 

44 

71 

resolution  visible  images.  As  was  found  witli  the 
low  tropospheric  clouds,  the  improved  tem'^ral 
resolution  again  increased  the  number  of  traceable 
cloud  elements  considerably  (by  a factor  of  5 in 
this  case).  Figs.  S-8  illustrate  the  distribution  and 
number  of  winds  that  were  derived  from  tracking 
high  clouds  using  visible  and  infrared  images  at  7.3 
and  30  min  intervals.  The  table  and  figures  show 
that  using  low-resolution  infrared  images  at  short 
intervals  greatly  enhances  the  number  of  trace- 
able cloud  elements;  thus  infrared  images  would  be 
more  valuable  for  nighttime  use  if  they  were  ob- 
tained more  frequently. 

One  of  the  problems  that  was  encountered  in 
using  longer  interval  visible  and  infrared  images  to 
track  cirrus  clouds  was  the  ambiguity  introduced  by 
tracking  cloud  patterns  that  were  repetitive.  For 
example,  in  Fig.  9,  an  infrared  image  of  Hunicane 
Eloise  at  2029  GMT  22  September  1975,  there  is  a 
repetitive  saw-tooth  pattern  in  the  western  portion 
of  the  cloud  mass  (seen  adjacent  to  A in  the  figure). 
This  entire  pattern  was  observed  moving  northward 
when  short-interval  imagery  was  shown  in  a time- 
lapse  mode.  When  the  imagery  was  spaced  at 


Fig  i High-level  winds  iKti  denved  from  cloud  move- 
ments between  three  successive  SMS  2 pictures  with  2 km 
visible  resolution  and  ' i mm  intervals  1 1842.  1850.  1857 
GMTl  on  22  September  1975  of  Hurricane  Eloise. 


Fig.  6.  As  in  Fig.  5 except  with  8 km  infrared  resolution. 


longer  periods  (15  and  30  min),  the  direction  of  the 
displacement  and  the  motion  was  uncertain. 

Tropical  Cyclone  Caroline  was  examined  on  ail 
three  days  using  visible  images.  Tables  4 and  5 
describe  the  results  for  tracking  lower  and  upper 
tropospheric  clouds  for  Hurricane  Caroline  on  30 
August  1975.  Results  for  28  and  29  August  were 
quite  similar.  For  the  lower  tropospheric  clouds 
obtained  from  the  7.5  min  interval  visible  images 
with  444  km  radius  from  the  center,  the  degradation 
in  the  spatial  resolution  from  1 to  2 km  did  not  de- 
crease the  number  of  wind  vectors  because  only  the 
larger  cloud  elements  were  traceable.  However,  at 
radii  >444  km.  improved  resolution  did  increase 


Fig.  ' .k$  in  Fig.  5 except  with  2 km  visible  resolution 
and  30  min  intervals  > 1820.  1850.  1920  GMTl 
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Fic.  8.  Ai  in  Fi|.  5 excepi  with  8 km  mfrved  resoluiion 
ind  30  min  intervals  11830.  I8J0.  1930  GMT) 


the  number  of  traceable  cloud  elements.  This  was 
because  the  clouds  to  the  west  were  over  land  and 
moved  less  than  a television  display  pixel  per  time 
penod  in  the  2 km  resolution  images.  Using  visible 
images  whose  intervals  were  30  min,  low-level 


Tail!  4.  Hurricane  Caroline  30  August  1975  1800  GMT. 
Number  of  low-level  wind  vectors. 


Diiiance  from  center  (kmi 

0-222 

0-444 

0-666 

30  min  2 km  V 

0 

5 

13 

1 km  V 

0 

3 

14 

15  min  1 km  V 

17 

46 

75 

7.5  min  2 km  V 

23 

65 

88 

1 km  V 

23 

61 

121 

clouds  over  land  could  not  be  tracked  because  of  the 
lack  of  temporal  continuity.  Improved  temporal 
resolution  again  substantially  increased  the  num- 
ber of  traceable  cloud  elements  by  a factor  of  6 
l<2)  for  7.5  min  interval  images  as  compared  with 
30  min  US  min)  interval  images  for  an  area  whose 
radius  was  666  km  from  the  center.  .A  factor  of  3 
improvement  was  found  using  7.5  min  interval  visi- 
ble images  over  that  of  30  min  for  tracking  upper 
tropospheric  clouds.  Because  of  the  smoother  tex- 
ture of  the  cirrus  canopy  and  therefore  a lack  of 
traceable  elements,  this  improvement  was  not  as 
dramatic  as  in  the  Eloise  case. 

The  results  from  tropical  cyclones  Belle  and  Holly 
obtained  from  the  GOES  1 images  during  the  1976 
hurricane  season  are  presented  in  Table  6.  The 
same  format  was  followed  for  tracking  clouds  for 
these  storms  as  was  used  for  the  tropical  cyclones 
in  1975.  The  only  difference  was  that  the  temporal 
resolution  was  compared  only  between  30  and  3 min 
intervals  using  visible  images.  No  differences  in 
spatial  resolution  was  considered.  It  can  be  seen 
from  Table  6 that  the  rapid  scan  images  again  dra- 
matically increased  (factor  of  6)  the  number  of  wmd 
vectors  obtained  from  cloud  motion  in  the  upper 
and  lower  troposphere  for  Belle  and  lower  tropo- 
sphere for  Holly  when  the  image  interval  was  re- 
duced from  30  to  3 mm.  Tropical  Storm  Holly  at  this 
time  had  no  high  tropospheric  clouds  except  in  the 
southeast  quadrant. 

Figs.  10  and  1 1 dramatize  the  results  for  tropical 
storm  Holly.  The  figures  show  the  distribution  and 
number  of  low  troposphere  winds  that  can  be  de- 
rived from  cloud  motion  using  30  min  as  compared 
to  3 min  interval  images.  Because  of  the  latitude 
belt  for  which  the  satellite  was  programmed  to  take 
scans,  the  images  and  therefore  wind  vectors  in  the 

Taile  3 HuiTi'-ine  Caroline  30  Auguji  19"5  I8W)  GMT 
.Number  if  high-level  wind  vectors 

Distance  from  center  ikmi 
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Taili  6.  Tropical  cyclone  Belle  5 Augusi  1976  1100  GMT  end 
(roptcal  cyclone  Holly  26  October  1976  1300  GMT.  Number  of 
■ow-level  wind  vector*. 


Distance  from  center  (km) 

0-222 

0-444 

0-666 

Belle  30  min  1 km  V 

Low  Itvtl 
0 

23 

3 min  1 km  V 

8 

MO 

— 

Holly  30  min  1 km  V 

4 

29 

48 

3 min  1 km  V 

80 

223 

283 

Belle  30  min  1 km  V 

HigTt  level 
0 

18 

3 min  1 km  V 

16 

73 

— 

northern  half  of  Holly  were  not  available.  Fig.  II 
delineates  an  area  of  maximum  winds  (50  kt)  to  the 
east  of  the  center  obtained  from  rapid  scan  images 
which  verify  the  tropical  storm  status  reported  by 
reconnaissance  aircraft.  This  wind  maximum  was 
not  observed  from  the  30  min  interval  data. 

Rapid  scan  images  are  seen  from  this  observa- 
tion of  tropical  storm  Holly  to  be  particularly 
valuable  for  estimating  the  lower  tropospheric 
wind  field  nearer  to  the  center  in  weaker  or  de- 
veloping tropical  cyclones  whose  upper  tropo- 
spheric clouds  are  not  dense  enough  to  obscure  the 
lower  level  circulation.  Even  for  stronger  tropical 
cyclones  that  have  a more  developed  high-level 
cloud  shield  the  lower  troposphenc  wind  field 


Fig.  10.  Low-level  wind*  (kt)  denved  from  cloud  movements 
between  three  successive  GOES  I pictures  with  I km  resolution 
and  30  min  intervals  (1530.  1600.  1630  GMT)  on  26  (October 
1976  of  tropical  storm  Holly. 

sometimes  can  be  estimated  near  the  center.  This 
was  true  for  tropical  cyclones  Eloise  and  Caroline. 
It  is  hypothesized  that  some  deep  convection  near 
the  storm  center  with  small  lateral  area  translates 
with  the  wind  speed  at  the  cloud-base  level.  A few 
of  these  tracers  appearing  as  bright  spots  in  the 
upper  cirrus  overcast  can  be  tracked  using  high 
resolution  (both  space  and  temporal)  imagery.  Mari- 
time trade  cumulus  clouds  (tops  as  high  as  2(X)  mb) 
have  been  found  from  aircraft  observation  to  move 
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Fig.  11  Low.iev*l  winds  (ki)  denved  from  cloud  movements  between  four 
successive  GOES  I pictures  with  I km  resolution  end  3 min  intervals  iI342. 
1343.  1346.  1331  GM"h  on  26  October  1976  of  tropical  storm  Holly 
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Fig.  12.  Compinion  of  win«l  tpccds  derived  from  cloud 
motions  between  three  consecutive  SMS  2 seicllitc  visible 
imafcry  U 7.]  min  inicrvss  with  winds  measured  4-6  h later 
by  reconnaissance  aircraft  flying  at  540  and  990  m in  Hurricane 
Eloise  on  22  September  1975. 

very  nearly  with  the  ambient  flow  at  the  cloud 
base  (Hasler  ei  al.  1977).  Although  there  is  no  air- 
craft verification  that  deep  convective  clouds  move 
with  the  wind  flow  at  cloud  base  within  a tropical 
cyclone-type  circulation,  the  small  vertical  shear 
and  the  large  upward  flux  of  angular  momentum 
near  the  center  suggest  that  it  may  happen  (Frank, 
1977).  To  examine  this  hypothesis,  winds  observed 
from  the  NOAA  research  aircraft  at  an  approximate 
altitude  of  1 km  outside  and  0.5  km  inside  the 
principal  cloud  shield  for  Hurricane  Eloise  (2245- 
0440  GMT  22  and  23  September  1975)  and  for 
Hurricane  Caroline  (1634-2332  GMT  30  August 
1975)  were  compared  with  cloud-derived  winds. 
Some  small,  bright  convective  cells  that  penisted 
during  the  time  period  were  used  to  infer  low-level 
winds  near  the  center.  However,  the  translation  of 
many  larger  bright  convective  cells  near  the  center 
that  moved  slower  than  the  winds  was  suspected 
to  be  due  to  cloud  growth  rather  than  advection 
by  the  wind  and  were  not  used.  The  results  that 
are  seen  in  Figs.  12  and  13  show  that  the  cloud- 
derived  winds  inside  and  outside  the  tropical  cyclone 
cloud  system  compared  reasonably  well  with 
airc'aft-measured  winds  over  the  same  area  relative 
to  the  storm  center  even  though  the  times  differed 
by  as  much  as  6 h.  The  cell  tracked  near  the  center 
of  Eloise  approximated  Eloise's  maximum  winds 
(90  kt  wind  vector  east-southeast  of  the  center 
(Figs.  I and  2)|.  No  cells  suitable  for  tracking  could 
be  found  within  80  km  of  Hurricane  Ca'oline  s 
center.  The  average  difference  in  absolute  speed  of 
winds  obtained  by  the  two  methods  is  approxi- 
mately 2.5  m $■'  for  each  storm.  Considering  the 
time  difference  in  the  measurements,  this  result  is 
no  greater  than  would  have  occur.'ed  if  the  winds 


were  obuined  by  aircraft  for  each  case  because  of 
the  great  natural  variability  of  winds  in  tropical 
cyclones  (Gentry,  1964). 

This  good  agreement  betw’ir:.  satellite  and  air- 
craft winds  differ  from  the  findings  of  Gentry  et  al. 
(1970)  in  which  they  tracked  large  bright  convective 
cells  near  the  center  of  Hurricane  Gladys  on  17 
October  1968  using  the  14  min  interval  visible  images 
from  the  Multicolor  Spin  Scan  Cloud  Camera  on 
ATS  3.  It  was  found  that  these  clouds  moved  from 
V6  to  V6  of  the  speed  of  the  low-level  winds.  The  dif- 
ference may  be  attributed  to  the  ambiguity  caused 
by  cloud  growth  when  tracking  large  cells  using  4 km 
visible  resolution  images  at  a |4  min  time  interval. 

Rapid-scan  (3  min  interval)  full-resolution  GOES  1 
data  for  tropical  cyclone  Anita  on  30  and  3 1 August 
and  1 September  1977  at  approximately  1600  GMT 
were  used  to  derive  wind  fields  for  both  the  cloud 
base  and  the  upper  troposphere.  At  the  lower 
tropospheric  level  a representative  wind  field  was 
obtained  outside  the  central  dense  overcast.  Within 
the  centtal  dense  overcast,  there  were  no  low  cloud 
elements  that  could  be  traced.  Fig.  14  shows  an 
image  of  tropical  storm  Anita  for  1600  GMT  31 
August  1977  together  with  the  derived  lower 
tropospheric  wind  field.  The  vector  length  repre- 
sents cloud  speed  while  the  vector  depicts  the  . ec- 
tion  of  cloud  motion  (the  vector  at  the  cen  . ■ of 
Anita  locates  the  center  of  the  storm).  From  this 
figure  one  can  detect  the  directional  convergence 
southwest  of  the  eye.  A speed  maximum  of  40  kt 
is  west  and  south  of  the  eye.  Winds  measured  by 
the  NOAA  research  aircraft  were  compared 
with  the  satellite-derived  lower  tropospheric  winds 
where  they  could  be  matched  in  time  and  space. 


Fio.  15  ComDsnion  of  »inds  Jenved  from  cloud  motion 
between  three  consecutive  SMS  2 satellite  I km  visible  imaiery 
at  7 5 min  intervals  with  winds  measured  2-4  h later  by 
reconnaissance  aircraft  flying  at  540  and  980  m in  Hurricane 
Caroline  on  50  August  1975 
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Fic.  1<  Vijibk  ima|c  of  Tropica)  Slonn  Anita  at  1600  GMT  }l  Augutl  I9T7 
lofciher  with  the  rapij-wan  iJ  min  interval)  »aiellile-Oenv*d  lower  trr*po»phenc 
wind  field  Vector  len|ih  repretenu  cloud  speed  while  vector  direction  repre- 
senu  the  direction  the  cioud  it  movmi  Vector  at  center  locates  the  center  of  the 
storm. 


This  was  on  31  August  1977  at  approximately 
1400  GMT  when  the  aircraft  flew  southwest  fro..i 
New  Orleans  into  the  storm  at  an  altitude  of  0.5  km. 
Companson  was  made  between  220  and  440  km  from 
the  cen'er  in  the  northeast  quadrant.  Results  are 
in  Fig.  15  where  again  the  average  difference  in 
absolute  speed  represented  by  the  two  methods  is 
approximately  2..*  m s*'  Although  the  agreement 
between  cloud  motion  and  wind  is  good  m these 
cases,  more  events  that  heve  both  rapid  scan  satellite 
and  aircraft  wind  data  are  needed. 

.^t  the  upper  troposphenc  level.  (Fig  16)  limited 
scan  data  again  aided  in  obtaining  a represents* 
tive  wind  held.  Cirrus  clouds  could  be  used  as 
tracers  both  outside  and  wuhin  the  central  dense 
overcast 

4.  Conclusion 

High  spatial  and  temporal  resolution  satellite 
imagery  makes  it  feasible  to  provide  a large  number 
of  lower  and  upper  troposphenc  winds  which  can  be 
obtained  by  tracking  clouds  within  650  km  of  tropi- 
cal cy-'one  centers  L'p  to  10  i5)  times  as  many 
low-level  winds  were  denved  from  images  spaced 
at  } or  ' 5 min  intervals  as  from  those  at  30  min 
(15  min)  intervals.  Greater  vpace  resolution  is 


especially  imj.  jrtant  when  the  low-level  clouds  are 
over  land  or  imbedded  in  the  dense  high  overcast 
near  the  storm  center.  .As  long  as  the  clouds  are 
over  water  and  removed  from  the  high-level  clouds. 
2 km  space  resolution  is  adequate.  Rapid-scan 
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Kic.  16.  .As  in  Fig.  lA  excepi  veciors  'epresent  cloud  motion  and  direction 
at  the  upper  iroposphenc  level 


full-resolution  infrared  and  visible  images  minimized 
the  "erroneous  winds"  derived  by  tracking  cloud 
elements  that  prepagate  by  growing  on  one  side 
and  dissipating  on  the  other  and  by  tracking  repeti- 
tive patterns  that  provided  ambiguous  indications  of 
direction  of  movement. 

The  higher  tempoial  resolution  also  made  it  possi- 
ble to  greatly  increase  the  number  of  traceable  upper 
iroposphetic  cloud  elements  both  during  the  day 
and  night.  With  the  rapid-scan  full-resolution  visible 
images  it  was  sometimes  possible  to  derive  low- 
level  winds  within  the  central  dense  overcast  near 
the  center  of  tropicai  cyclones. 

Shon-interval  |T.5  min  or  less)  full-resolution 
images  («2  km)  make  it  feasible  to  provide  many 
of  the  wind  data  not  available  from  other  sources 
between  200  and  1 100  km  from  tropical  cyclone 
centers.  These  winds  are  urgently  needed  ’o  • itialize 
dynamical-numencal  model  predictions.  Thi-  ddi- 
tional  5C<urce  of  data  could  provi.le  the  np  ich 
that  the  numencal  models  will  give  .m;. roved 
forecasts. 

-Icsnoiv/edg'nenr.  The  authors  wish  to  thank  Dr 
Robert  Sheets  of  NEHML  for  making  available  the 
wind  data  obtained  the  .NO.A.A  research  aircral't  for 
tropical  cvclones  Eloise  and  Caroline  1‘»'5  ana  .Anita 
197“ 
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Nimbus  3/ATS  3 Obserrations  of  the  Evolution  of  Hurricane  Camille 
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ABSTRACT 

Three  periods  within  the  life  cycle  o(  Hurricane  Camille  (I9fi9)  are  examined  with  radiometric  and  camera 
measurements  from  Ximous  3 and  camera  information  from  ATS  3 in  conjunctiou  with  conventional  in- 
formation. These  periods  are  the  deepening  phase,  the  interaction  of  Camille  with  mid-latitude  westerlies, 
and  the  excessive  rain-producing  period  when  the  cyclone  was  over  the  central  .Appalachians. 

Just  prior  to  significant  deepening,  the  Nimbus  3 Medium  Resolution  Infrared  Radiometer  (MRIR) 
window  and  water  vapor  channels  showed  a band  of  developing  convection  that  extended  to  the  cirrus  level 
in  the  southeastern  quadrant  of  the  storm  which  onginated  from  the  ITCZ.  Low-level  wind  fields  were 
derived  from  conventional  sources  as  well  as  from  cumulus  clouds  tracked  from  a series  of  -ATS  3 images. 
Within  this  band  were  low-level  30  kt  winds  that  supplied  Camille  with  strong  inflow  where  the  air  passed 
over  sea  surface  temperatures  that  were  1-3  standard  deviations  above  normal. 

.At  the  begiiming  of  the  rapid  deepening  the  MRIR  radiometer  measurements  indicated  a rapid  contrac- 
tion of  the  central  dense  overcast  and  then  an  expansion  as  the  maximum  deepening  rate  occurred.  Simul- 
taneously, the  increase  in  the  MRIR  equivalent  blackbodv  temperatures  (.Tta)  indicated  the  development 
of  large-scale  subsidence  throughout  the  troposphere  northwest  of  the  center.  Wlien  Camille  weakened  as  it 
moved  over  the  lower  Mississippi  Valley,  the  cyclone  acted  as  a partial  obstruction  to  the  synoptic-scale  flow 
and  increased  the  subsidence  west  and  north  of  the  cyclone  center  as  indicated  by  .ne  increase  in  water 
vapor  Tit  and  verified  by  three-dimensional  trajectones-  Increased  cloud-top  elevations,  approaching  the 
levels  reached  when  Camille  was  an  intense  cyclone  over  the  Gulf  of  Mexico,  were  estimated  from  the  Nimbus 
3 High  Resolution  Infrared  Radiometer  (HRIRl  measurements  on  20  .August  1969,  when  Camille  produced 
rains  of  major  flood  proportions  near  the  east  slopes  of  the  .Appalachians  in  central  Virginia. 


1.  Introductioo 

From  a meteorological  point  of  view.  Hurricane 
Camille  was  the  most  important  .Atlantic  hurricane  of 
record  (Simpson  «.( ui.,  1970).  No  recording  anemometer 
equipment  was  able  to  survive  in  the  area  of  ma.ximum 
winds  as  the  cyclone  moved  onshore.  Wind  velocities 
approaching  175  kt  were  estimated  from  an  appraisal  of 
the  damage  within  a few  hundred  meters  of  the  coast. 
The  minimum  central  pressure  of  9<''>  mb  was  second 
only  to  the  Florida  Keys  storm  of  1935  i392  mb)  for 
-Atlantic  hurricanes.  Whereas  the  Florida  Keys  storm 
probably  had  higher  maximum  winds  than  Camille,  the 
diameter  of  hurricane  winds  was  less  than  100  km,  as 
compared  to  160  to  240  km  for  Camille. 

Camille  began  to  develop  near  the  island  of  Grand 
Cavman  from  a tropical  disturbance  which  moved 
westward  across  the  .Atlantic  from  the  .African  Coast 
(Fig.  1),  The  cyclone  deepened  rapidly  as  it  passed  over 
the  western  tip  of  Cuba  into  th^  Gulf,  and  it  reached 
ma.ximum  intensity  by  0000  GMT'  17  .August  1969. 
This  intensity  was  maintained  with  little  apparent 
fluctuation  as  observed  by  reconnaissance  aircraft  until 
the  center  reached  the  coast  at  0430  on  18  .August. 
Within  12  h,  the  winds  had  decreased  to  less  than 
hurricane  strength  as  the  cyclone  moved  northward 
through  Mississippi.  For  the  ne.xt  36  h the  remains  of 

1 .Ail  umes  GMT  unless  noted  otherwise. 

0021-89S2/:8/0453-04;6*09.30 
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Camille  moved  north,  then  east,  with  the  winds  and 
rains  diminishing  in  a Ixpical  history  of  a 'topical 
cyclone  moving  away  from  its  moisture  source.  Sud- 
denly, e.xcessive  rainfall  began  over  the  central 
-Appalachians  in  response  to  an  injection  of  e.xtremely 
moist  air  at  low  levels,  an  unstable  lapse  rate,  upper 
tropospheric  horizontal  divergence  and  the  topography 
(Schwarz,  1971).  This  portion  of  Camille’s  histor>’  is 
similar  to  that  of  Hurricane  Dia.oe  which  in  1955 
produced  massing  flooding  in  New  England  although 
she  had  weakened  considerably  after  moving  a-.  '^ss  the 
Carolinas  and  Virginia.  Camille  briefly  regained  tropical 
storm  strength  after  moving  eastward  off  the  .Atlantic 
Coast  near  Norfolk,  but  interaction  with  a cold  front 
caused  the  cyclone  to  become  e.xtratropical. 

Throughout  the  important  phases  of  Camille’?  life 
cycle,  the  storm  was  observed  by  meteorological 
satellites  such  as  Nimbus  3,  .ATS-3.  and  the  operational 
satellites.  This  outstanding  coverage,  along  with  con- 
ventional measurements,  permitted  the  e.xamination  in 
some  detail  of  three  important  events  in  the  life  cycle  of 
Camille:  D the  rapid  deepening  phase.  2'  the  interaction 
with  the  mid-latitude  westerlies  as  the  cyclone  moved 
inland,  and  3)  the  development  of  the  heavy  rains  over 
the  central  .Appalachians. 

2.  Available  data  and  mapping  procedures 

Radiometric  measurements  with  a 55  km  spatial 
resolution  (at  nadir)  were  taken  at  12  h intervals  by 
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Fig.  1.  Trmck  and  development  stafts  of  Hurricane  Camille  from  ^22  Aufust  1969. 
(Extracted  from  Mon.  IFao.  Rt*.,  89,  p.  294.) 


the  Nimbus  3 Medium  Resolution  Infrared  Radiometer 
(MRIR)  in  five  spectral  regions.  Four  of  these  channels 
measured  at  0.2-4.0*101,  6. 5-7.0  (6.7)  **m,  10-11  (10.5) 
urn  and  20-23  (21.5)  *im,  respectively.  The  first  channel 
measured  nearly  all  of  the  reflected  solar  energy,  the 
third  is  in  an  infrared  atmospheric  window,  and  the 
second  and  fourth  measure  the  emitted  energy  m regions 
of  moderate  to  strong  water  vapor  absorption.  Fig.  2 
shows  the  layers  of  a mean  tropical,  cloudless  atmo- 
sphere that  contribute  to  the  sensed  radiance  in  each 
of  the  three  IR  spectral  intervals.  The  emission  in  the 
6.7  *im  region  primarily  comes  from  the  upper  tropo- 
sphere, the  21.5  *im  emission  emanates  mostly  from  the 
middle  troposphere,  and  the  10.5  **m  radiance  nearly 
ail  comes  from  the  surface  and  lower  troposphere. 

Nimbus  3 High  Resolution  Infrared  Radiometer 
(HRIR)  nighttime  emission  measurements  w-ere  made 
at  3.5  to  4.1  *im  with  a 9 km  subsatellite-track  spatial 
resolution.  Further  details  of  the  Nimbus  3 satellite 
and  the  instrumentation  are  provided  in  the  Nimbus  J 
laser's  Guide  (Nimbus  Project,  1969). 

Visible  measurements  were  obtained  at  11  min 


intervals  from  the  Multicolor  Spin  Scan  Cloud  Camera 
(MSSCC)  on  ATS  3.  Due  to  the  frequent  observations, 
it  was  possible  to  track  the  motions  of  individual  cloud 
elements  to  determine  the  wind.  The  clouds  were 
classified  as  high  or  low,  depending  on  their  appearance 
and  motion ; the  high  clouds  most  likely  indicating  the 
air  motion  near  200  mb  and  the  low  clouds  near  950  mb 
(Hasler  et  al.,  1976).  Some  middle  clouds  may  have 
inadvertently  been  included,  especially  in  the  high- 
cloud  sample.  Hubert  and  Whitney  (1971)  have 
discussed  doud  motion-wind  accuracies  from  ,\TS 
dau.  More  information  on  the  ATS  3 satellite  and  the 
MSSCC  can  be  found  in  the  .4rJ  User’s  Guide  and 
catalog  publication  series. 

The  Nimbus  radiation  measurements  were  mapped 
in  the  stereographic  horizon  map  projection  (Shenk 
es  al.,  1971)  where  the  center  of  Camille  was  always 
placed  at  the  center  of  the  map.  Thus,  Camille  was 
mapped  (bu  not  viewed)  in  the  same  perspective 
throughout  the  period  of  interest.  correction  was 
applied  to  the  measurements  from  the  water  vapor 
channels  (6.7  and  21.5  **m)  to  compensate  lor  limb- 
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FlO.  2.  Weighting  function  curves  units  »ie  \V  (cm*  sr 
cm"'  km)"*  nortntliied  to  umtyj  determined  from  radiative 
transfer  theory  based  on  a mean  tropical  atmosphere  for  three 
Nimbus  MRIR  channels  (6.2  lO.o  and  21. S urn). 

darkening  eflfects.*  The  correction  varied  from  zero  to 
several  degrees  Kelvin  for  equivalent  blackbody  tem- 
peratures (Tbb)  measured  at  a nadir  angle  of  50“  (the 
maximum  allowed!. 

Conventional  radiosonde  and  surface  observations 
were  obtained  every  12  h from  0000  on  14  August  to 
1200  on  20  August  1969.  The  radiosonde  information 
was  analyzed  over  the  Gulf  of  Mexico,  the  Caribbean, 
and  the  United  States  at  the  standard  pressure  levels. 

3.  Results 

a.  Rapid  deepening  phase 

The  hrst  significant  event  in  the  life  of  Camille  was 
the  rapid  deepening  which  began  before  and  continued 
after  the  cyclone  center  passed  over  the  western  tip  of 
Cuba.  An  interpretation  of  the  time  history  of  the  mini- 
mum central  pressure  curve  ibased  upon  U.S.  Air  Force 
reconnaissance  aircraft  reports)  is  shown  in  Fig.  3. 
There  is  a suggection  of  two  periods  of  deepening.  The 
first  primarily  occurred  between  1200  on  14  August  and 
1200  on  15  August.  Four  closely  spaced  reconnaissance 
aircraft  reports  centered  at  about  1200  GMT  on  the 
15th  all  reported  a minimum  pressure  of  about  965  mb. 
Shortly  thereafter  the  center  crossed  the  southern 
coast  of  Cuba  near  the  western  tip.  It  took  appro.xi- 
mately  3 h for  the  eye  to  move  to  the  northern  coast. 
During  this  time,  the  shape  of  the  minimum  pressure 
curve  is  quite  uncertain,  but  since  most  of  the  cyclone's 
circulation  remained  over  the  water  it  is  likely  that  the 
rise,  if  any,  in  the  central  pressure  was  small. 

' V.  V.  Saiomonson,  personil  commumcatioD,  1972. 


The  next  reconnaissance  reports  were  made  at  1800 
GMT  16  August  when  Camille  had  reached  severe 
status,  an  intensity  that  the  aircraft  central  pressure 
measurements  would  indicate  was  maintained  until  the 
cyclone  crossed  the  U.  S.  coastline.  Thereafter,  the 
central  pressure  rose  rapidly.  At  Jackson,  Miss.,  the 
minimum  pressure  was -978  mb  as  the  center  passed 
about  35  km  east  of  the  station  at  1200  on  the  18th. 

Perhaps  the  best  day  and  night  satellite  observations 
of  Camille  during  the  rapid  deepening  phase  were  made 
by  the  Ximbus  3 MRIR.  By  e.xamining  the  information 
from  the  three  IR  channels  at  12  h intervals  and  the 
visible  chaimel  data  every  24  h.  it  was  anticipated  that 
the  changes  in  the  structure  of  Camille,  as  it  became  a 
severe  cyclone,  could  be  determined.  The  daytime 
observations  were  combined  with  the  ATS  3 cloud 
motions  to  obtain  a more  complete  picture  of  the 
circulation. 

The  first  Nimbus  3 observation  of  Camille  and  the 
surrounding  systems  that  will  be  examined  war  made 
between  0400  and  0800  GMT  on  15  .\ugust.  ,\t  this 
time,  Camille  was  a tropical  storm,  rapidly  approaching 
hurricane  status  about  midway  through  the  first  deepen- 
ing phase.  Fig.  4 depicts  the  10.5  Mm  measurements, 
when  the  storm  had  a prominent  spiral  band  that 
extended  to  the  east  of  the  center  and  the  highest  clouds 
were  near  the  center.  There  is  also  evidence  of  two 
other  bands  (best  shown  by  the  260  K line)  located  well 
southeast  of  the  center.  The  development  of  these  bands 
is  in  apparent  response  to  the  organization  of  a broad 
southeast  current  from  the  surface  to  700  mb  which  had 
a large  inflow  component.  The  surface  data  tor  1200  on 
the  15th  showed  two  reports  of  a southeast  wind  at 
20  kt  in  the  band  area.  .\t  850  mb,  the  wind  speed 
increased  to  30  kt.  Thus,  with  the  storm  moving  north- 
westward at  8 kt,  this  boundary-layer  air  was  moving 
almost  directly  towa.  'he  storm  center  and  was 
approaching  the  stor,-,  'hat  indicated  area  at  an 

average  speed  of  about  ..  This  air  was  passing  over 

water  with  a surface  temp».fsture  of  303-304  K,  which 
is  2 K above  the  mean  sea  surface  temperature  (about 
two  standard  deviations  > for  .August  in  this  region 
(U.  S.  Naval  Oceanographic  OtSce,  1967'. 

Northwest  and  east  of  Camille  there  are  large  regions 
where  the  10.5  >im  Tsb’s  are  ^ 290  K (Fig.  4)  which, 
when  corrected  for  the  water  vapor  effect  of  a tropical 
atmosphere  by  adding  6-8  K.  are  very  close  to  the 
302-304  K sea  surface  temperature  reported  by  ships. 
The  areas  of  warm  10  5 >im  Tss's  indicate  that  the 
amount  and  or  the  vertical  development  of  low-level 
cumulus  was  being  suppressed,  probably  due  to 
subsidence  in  the  lower  troposphere.  This  method  of 
inlerring  subsidence  has  the  limitation  that  once  the 
clouds  have  been  substantiallv  suppressed  or  eliminated, 
there  is  no  further  information  on  the  strength  of  the 
sidence.  However,  because  the  6 7 and  21.5  urn 
water  vapwr  channels  respond  to  the  vana’ion  of  water 
vapor  in  the  upper  and  middle  troposphere,  respectively. 


HURRICANE  CAMILLE,  MINIMUM  CENTRAL  RREISURE  IMRI 


f 


AUGUST.  Its* 

FlO.  3.  A tr«ce  of  the  minimum  central  pressure  for  Humcane  Camille  from  1200  GMT  U August  to  1800  GMT  18  August  1960. 
The  estimated  central  pressures  and  the  >flffibus  3 orbit  numbers  are  shown  above  each  of  the  arrows  that  indicate  the  time  of  a Nimbus 
3 overpass. 


subsidence  may  be  inferred  in  the  upper  and  or  middle 
troposphere  in  areas  of  weak  horiaontal  dry  air  advec- 
tion  when  the  corresponding  Tee’s  increase  (Rodgers 
tt  al..  1976).  The  6.7  /um  Tee’s  (Fig.  5)  within  the  area 
of  the  warm  Tee’s  of  tiie  window  channel  were  ^ 240  K 
northwest  of  Cantille  and  ^ 235  K east  of  CamEle.  The 
area  of  warm  6.7  >im  Tee’s  northwest  of  Camille  was 
undergoing  subsidence  induced  by  horizontal  speed 
convergence  at  200  mb  as  revealed  by  a streamline  and 
isotach  analysis  at  that  level.  However,  the  horizontal 
dry  air  advection  caused  by  the  southerly  displacement 
of  this  c.y  tongue  from  earlier  observations  made  it 
more  difficult  to  ascertain  the  strength  of  this  subsi- 
dence. The  warm  6.7  >im  Taa’s  east  of  Camille  v.-ere  not 
high  enough  to  indicate  with  reasonable  certainty  that 
cirrus  clouds  were  not  present.  .\  comparison  of  high- 
altitude  aircraft  cloud  photography  and  Nimbus  3 
6.7  tim  Tib’s  over  the  tropics  has  indicated  that  when 
the  Tfl  ange  was  235-237  K,  the  cirrus  probabiiity 
was  40%  (Shenk  et  al.,  1976). 

The  outflow  north  of  the  center  was  apparent  from 
the  widespread  cirrus  ^ where  the  6.7  um  Tse’s  are 
$ 230  K1  was  andespread  (Fig.  5).  Camille  was  then  in 


a moist  environment,  a t least  in  the  upper  tropiosphere. 
as  there  was  no  evidence  of  dr\-  air  within  5”  latitude 
from  the  center. 

Twelve  hours  later  there  was  evidence  from  the 
reconnaissance  aircraft  reports  that  the  rate  of  deepen- 
ing had  slowed  or  stopped.  The  10.5  Mm  channel  chart 
with  ATS  *3  low-level  cloud  motions  superimposed 
(Fig.  6)  shows  that  Camille  had  a more  circular  appear- 
ance and  that  the  area  of  intense  cloudiness  covered  a 
larger  area  than  12  h earlier.  There  was  an  extensive 
area  southeast  of  the  center  where  the  Tbs’s  were 
^ 240  K,  which  was  indicative  of  the  continued  cloud 
development  in  conjunction  with  the  low-level  con- 
fluence that  was  shown  by  the  low  cloud  motions.  The 
band  of  cloudiness  was  continuous  from  the  ITCZ  to 
Camille. 

The  development  of  the  clouds  in  the  confluence  zone 
could  be  an  important  factor  for  a more  rapid  transport 
of  moist  air  into  the  inner  circulation  of  Camille.  Con- 
ventional data  Indicate  that  the  winds  between  ■ ■* 
surface  and  850  mb  had  about  the  same  radial  com- 
ponent toward  the  storm  between  0000  on  15  .Xugust 
and  0000  16  .August.  The  !ow-!evei  winds  350  km  south- 
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Fns.  6.  Hvirrican*  CftmiUe  »t  1400-1800  GMT  16  Au|utt,  1939,  u dcpicttd  by  10.3  pm  Tia'%  tnm  tilt  MRIR  Muor. 
Otberwite  u in  Fif . 4.  SupchnipoMd  on  ibt  tnalyiis  ol  the  ndittion  dtu  is  tht  surftet  sanlyiis  snd  cloud  aotioo  vtcton 
derived  (mm  low  clouds  timeked  from  the  ATS  3 utelliu  imeces.  The  cloud  motion  dlftctiont  in  indicsted  by  the  sirows 
sad  the  speeds  in  m knots. 


eut  jf  the  center  it  0000  cn  the  16th  were  u high  is 
36  kt,  tnnsporting  moist  lir  it  850  mb  with  i Urge 
ndiil  component.  These  winds  were  preceded  by  30 
ind  34  kt  r inds  it  siirilir  locitions  12  ind  24  h eirlier, 
respectively.  Thus,  with  i fivonble  environment  for 
24  h,  the  cloud  development  wis  ible  to  continue. 

A smill  ires  of  Tss's  ^ 290  K wis  locited  west  of 
the  storm,  which  indicsted  some  suppression  of  low- 
level  cloud  development.  To  the  eist  wis  i lirger  ires 
thst  WIS  most  likely  issociited  with  upper  horixonul 
convergence  produced  by  the  outflow,  where  the 
strength  ind  position  changed  little  on  the  200  mb 
laiiviis  between  1200  GMT  15  .August  ind  0000  GMT 
16  .August.  North  of  the  c>xlone  center,  the  cirrus  shield 
persisted,  is  seen  in  the  6.7  urn  meuuremenu  (Fig.  71, 
indiciting  thit  ventilation  is  clearly  shown  by  the 
middle  ind  high  cloud  motions  from  .ATS-3  where  i 


strong  southerly  current  e.'dsts  it  the  cloud  levels  for 
It  least  1100  km. 

The  200  mb  streamline  and  isotach  inal)^  for  0000 
GMT  16  .August  indicates  that  the  flow  over  southern 
Florida  had  changed  from  southerly  to  westerly.  This 
change  was  moat  likely  an  expansion  of  the  outflow 
area  of  Camille.  East  of  the  cirrus  there  is  a well-deflned 
ridge  line  demarcated  by  6.7  »tm  Tss’s  (as  high  is 
244  K.)  and  the  cloud  motions.  The  200  mb  analysis 
cannot  confirm  the  presence  of  the  line,  since  the  high 
Tss’s  were  east  of  Horida.  It  is  likely  that  some  of  the 
cirrus  ejected  by  the  outflow  dissipated  in  the  dr>'  air 
associated  with  the  ridge  line.  West  of  Camille,  the 
relatively  high  Tss  area  had  weakened  and  moved  little 
with  respect  to  the  storm's  center,  and  the  upper 
horixontal  convergence,  as  shown  by  the  cloud  motions, 
is  coincident  with  the  highest  Tss's- 
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Fto.  7.  As  in  Fif.  6 excspt  (or  6.7  «uo  Fsa's.  Superimposed  oa  iKe  soslysts  o(  the  tidistioa  dsu  tre  cloud  rnoiioa  vectors 
derived  (mn  hich  sad  middle  clouds  inched  from  ATS  S uteUite  ims(t«t  sad  the  tties-nllBe  saslyiis  based  oo  the  cloud 
anH  200  mb  nwins.  The  cloud  aiocioa  directioas  sxe  iadicsted  by  the  sttows  sad  the  speeds  sre  la  kaots. 


Twelve  hours  later  C030(H)7(X))  on  16  August,  in  12  h.  This  large  e.xpansion  represents  a substantial 
Camille  Lad  probably  begun  the  most  dynamic  deepen-  increase  in  the  size  of  the  region  where  the  clouoiness 
ing  phase  of  its  life  cycle.  The  changes  in  the  sirucrore  was  being  suppressed.  This  would  indicate  that  the 
of  Camille,  as  seen  in  satellite  observations,  also  reached  subsidence  surrounding  Camille  over  a large  area  was 
a rlirn«T  The  10.5  <*m  r»#’s  (Fig.  8)  show  that  the  beginning  to  affect  the  cloudiness  in  response  to  the 
of  the  active  cloudiness,  as  dehned  by  the  240  K increased  vigor  of  the  inner  circulation, 
isotherm,  had  been  reduced  by  about  a factor  of  3 from  The  6.7  and  21.5  jim  measurements  (Figs.  9 and  10) 
the  last  satellite  observation.  Therefore,  during  the  also  indicate  the  subsidence  increase  west  and  nor^- 
.earlv  portion  of  rapid  deepening,  the  cloud  canopy  west  of  the  center  at  higher  levels.  Twelve  hours  earlier 
contracted  sharply.  The  cloud  bands  in  the  converging  there  had  been  a weakening  bano  of  high  Taj’s  oriented 
moist  air  southeast  of  the  center  were  still  strong  and  northwest-southeast  that  was  most  likely  sdvected 
extended  1100  km  from  the  center.  The  outer  limit  of  fro  n north  of  the  storm.  The  high  Tfj’s  at  this  lime 
the  cloud  bands  was  almost  exactly  the  distance  from  encircled  the  center  in  the  western  semicircle,  which 
Camille’s  center  where  the  surface  streamlines  began  suggests  that  they  were  produced  by  the  hurricane, 
to  converge  at  1200  on  the  I6th.  There  were  no  rawin-  They  cover  approximately  the  same  ares  as  that 
sonde  measurements  close  to  the  center,  but  the  surface  covered  by  the  ^ 290  K,  isotherm  in  Fig.  8.  It  is  interest- 
reports  show  the  continued  inflow  where  the  wind  ing  that  the  time  lag  between  the  increased  vertical 
speeds  were  20-30  kt.  West  of  the  center,  the  area  motion  in  the  inner  portion  of  Camille  and  the  subti- 
covered  by  Tj#  ^ 290  K had  expanded  considerably  dence  appeared  to  be  small.  The  cyclone  center  had 
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Fto.  8.  Hurric*ne  C4mille  tc  OJOO-OTOO  GMT  16  Auput  IW.  u depicttd  by  lO.S  ^ r*»’» 

<n>m  the  MRIK  setuor. 


movsd  off  the  northern  Cuban  coast  for  only  about  4 h.  Fig.  11  depicts  the  cloud  shield  of  C^^Ule  a^^ 
A more  exact  assessment  of  the  lag  would  require  GMT  16  August  with  HRIR  measurements  (1.2 
geosynchronous  satellite  measurements.  map  scale!  4 h after  the  center  moved  off  the  Cuban 


Coist.  Two  featurw  suggest  that  further  deepening  had 
begun.  First,  the  appearance  of  a well-denned  eye  is 
indicated  by  r<«'s  as  high  as  2ST  K.  (the  insert  in 
Fig.  il  depicts  a small  area  near  the  center  mapped  at 
1:500  0001.  This  measurement  could  have  been  caused 
by  either  nearly  transparent  cinus  and  or  low  clouds, 
or  a partially  oiled  radiometer  held  of  view  with  any 
of  the  above  cloud  combinations.  Second,  a ring  of  ver>- 
low  Tts’s  ($210K1,  indicating  the  opaque  storm 
cloudiness,  surrounds  the  ey»  except  to  the  west.  This 
ring  represents  the  highest  clouds  associated  wrh  the 
wall  cloud  where  the  low  est  and  probably  the  weahestl 
portion  i«  on  the  west  side. 

By  1500-1000  on  the  16th.  Camille  had  become  a ver>- 
severe  hurricane.  .\t  1800.  a L".  S.  .\ir  Force  reconnais- 
sance aircraft  measured  a central  pressure  of  008  mb. 
The.efore.  Camille  deepened  about  60  mb  in  24  h.  The 
10.5 Mm  measurements  (Fig.  121  show  that  the  intense 
portion  of  the  Camille  cloud  canopy  (Taa  $ 240  K) 
bad  expanded  by  about  a factor  of  4 m 12  h.  This 
expansion  and  the  contraction  12  h earlier)  are  not 
attnbuted  to  a diumai  oscillation  but  are  hs'pothcsiaed 
to  be  maniiestations  of  Camille's  intensity  change.  .4 
minimum  ( maxim uml  tropical  cyclone  cirrus  cover  has 
been  observed  from  the  SMS  .nfrared  imagery  anai>"sis 
of  16  dal's  of  eight  tropical  cyclones  to  occur  at  approxi- 
mately OJOO  LST  (I TOO  LST'  Browner  «/  of..  19771 
7-8  h between  the  Nimbus  3 observation  times.  There 
wer»  two  areas  of  great  acusnty,  one  near  the  center 


with  Tag's  'oetween  200  and  204  K (the  lowest  recorded  M 

during  the  entire  lif'  cycle)  and  another  of  205-209  K j 

imbedded  in  the  broad  band  southeast  of  the  center.  | 

The  low  Taa  measurements  near  the  eye  were  almost  * 

perfectly  centered,  thus  suggesting  an  mtense  circular  J 

wall  cloud.  This  is  verihed  by  the  concurrent  high-  ■ 

resolution  (3  km)  Image  Dissector  Camera  System  I 

(IDCS)  image  (Fig.  13  in  which  the  eye  is  clearly 
evident.  The  w-all  cloud  is  seen  as  a bnght  inner  ring 
surrounded  by  a cloud  system  of  lower  bnghtnesses 
than  the  clouds  which  formed  the  rest  of  the  canopy  or 
the  wall  cloud.  These  features  suggest  that  the  cloud 
tops  within  the  wall  cloud  ring  had  reached  a higher 
level  than  the  surrounding  clouds,  and  that  the  air  was 
descending  immediately  once  it  moved  outside  of  the 
wall  cloud.  The  subsidence  would  dissipate  the  cirrus 
or  reduce  its  opacity  and  produce  the  lower  bnghtness 
rjig  that  separates  the  wail  cioud  from  the  rest  of  the 
cloud  s.vstem.  | 

Southeast  of  the  center,  the  broad  cloud  band  st'stem 
was  continuous  from  the  ITCZ  into  Camille’s  circula- 
tion. and  the  low  10.5  Mm  Tag's  seen  in  Fig.  12  indicate 
that  a substantial  percentage  of  the  area  contained 
.middle  and  high  cloudiness.  The  low-level  cloud  motions 
showm  m Fig  2 continue  to  e.xhibit  the  gent  con- 
duence  m the  low-level  wind  held,  with  the  cloud  speeds 
toward  the  cyclone  much  higher  than  the  northwest 
motion  of  the  storm.  West  of  the  center,  the  area  of  1 

Tag's  ^ 290  K.  had  continued  to  e-xpand  and  measure- 
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menu  of  295  K covered  approxinutely  40%  of  the  area 
where  Tj/’s  of  ^ 290  K occurred  over  the  Gulf  of 
Mexico.  Thus  the  suppression  of  cloudiness  (probably 
low  level)  had  become  more  widespread  and  had  in- 
tensihed  in  some  of  the  arras  to  the  point  where  all 
cloudiness  had  probably  disappeared.  .4iter  correction 
for  the  atmosphere,  a 295  K.  T as  w as  within  2 K of  the 
sea  surface  temperature.  The  cloud  motions,  seen  in 
Fig.  12,  showed  evidence  of  low-level  divergence  over 
portions  of  the  area  where  Tsb  ^ 290  K..  .\lso,  the 
0.2-4.0»im  redectance  (Fig.  14)  of  $10%  covered 
nearly  the  entire  Gulf  west  of  the  Yucatan  Peninsula. 

The  water  vapor  channels  e.xhibited  some  remarkable 
changes  'Fig.  15  and  16).  In  the  entire  western  semi- 
circle over  a radius  of  about  5“  latitude,  higher  r«»'s 
were  found  with  the  maximum  measurements  of  250  K 
in  the  6.7  »im  channel  northwest  of  the  center  and  270  K 
in  the  21.5  um  channel  further  away  and  west  of  the  eye. 
Massive  subsidence  can  be  Inferred  as  the  increased 
circulation  within  Camille  became  more  evident  as 
reflected  in  the  large  ejection  of  air  to  the  peripherj-. 
This  is  particularly  imp  essive  when  the  evidence  from 
the  conventional  data  indicates  that  the  200  mb  flow- 
east  of  the  storm  also  increased  between  0000  and  1200 
on  16  .\ugust  and  did  not  diminish  in  the  following  12  h. 
The  region  of  .maximum  upper  tropospheric  convergence 
appears  to  be  along  a line  5’  latitude  northwest  of  the 
center,  as  seen  in  Fig.  16,  where  the  6.7  ^m  Tsa'i  were 
^ 240  K.  .Air  was  apparently  flowing  northwestward  to 
converge  with  the  eastwa.-d  moc-ing  air  around  the  base 
of  the  trough  over  the  central  United  States.  .A  com- 
bination of  the  200  mb  reports  for  1200  GMT  and  the 
high  and  middle  cloud  motions  from  .ATS  supports  that 
interpretation  of  the  radiatior;  map  (Fig.  16/.  The 
analyzed  line  of  upper  honaontai  convergence  was 
w-ithin  100  km  of  the  area  of  ^ 240  K Taa'i  northwest 
of  tlie  cyclone  center.  Because  most  of  the  emission  in 
the  6.7  Mm  channel  came  from  the  500-500  mb  layer, 
which  was  just  beiow  the  region  of  probable  ma.ximum 
horizontal  convergences  at  about  200  mb,  the  subsiding 
air  in  this  layer  w.ts  most  likely  not  far  from  the  position 
where  the  air  initially  began  its  descent.  The  location 
and  shape  of  the  maximum  21.5  urn  Taa’i,  as  seen  in 
Fig.  15.  suggests  that  the  air  did  not  descend  vertically. 
The  maximum  descent  in  the  400-700  mb  layer  is 
inf,;rTed  to  be  f-urther  west  and  over  a larger  region. 
With  the  lack  of  conventional  measurements,  it  was  not 
possible  to  correlate  the  12  or  24  h 6.7  Mm  and  21.5  Mm 
r SB  changes  with  computed  vertical  motions.  However, 
these  Tsb  changes  should  be  related  to  the  relative 
difierence  between  the  vertical  motion  in  the  two  layers. 
Over  the  area  6-3®  '.atitude  west  of  the  center,  where 
clouds  were  probably  absent  for  the  24  h -Intervai.  the 
^Taa'i  in  the  6.7  and  21.5  Mm  channel'  were  aoout  o 
and  10  K,  respectively  Thus,  a .-ough  estimate  i the 
rauo  of  the  subsidence  strength  would  be  10  6,  with  the 
greatest  suiitcng  -Ji  the  400-700  mb  layer.  Since  the 
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Ftc.  11.  T»<'  view*  of  the  interior  portion  of  the  cloud  jinicture 
of  Hurricane  Camille  at  0500  GMT  16  August  1969  a*  depicted 
by  the  3.8  m»i  equivalent  bladtbody  temperatures  from 

the  Ximbu*  3 HRIR.  The  top  picture  was  mapped  at  a 1:3  000  000 
scale  while  the  insert  u^er  the  “eye”  seen  m the  bottom  picture 
(the  area  within  the  dashed  box  in  the  top  picture)  was  mapped 
at  a 1:500  000  scale. 

ma.ximum  vertical  motion  us’jaily  occurs  at  the  level  of 
nondivergence,  which  is  about  600  mb,  this  result  was 
not  surprising. 

.As  Camille  continued  to  move  toward  Oie  Mississippi 
coast,  it  appeared  somewhat  weaker  in  all  the  MRIR 
measurements  although  according  to  the  aircraft 
monitoring  Camille  it  did  not  diminish  in  intensity  until 
it  crossed  the  coast  The  major  MRIR  observed  changes 
were  a reduction  in  size  of  the  cirrus  canopy  and  the 
cloud  band  southeast  of  the  center.  In  addition,  the 
subsidence  west  of  the  center  appeared  to  be  weaker. 
.A  probable  major  contributing  factor  to  Camille  main- 
taining its  intensity  was  that  the  ship  recorded  sea 
surface  temperatures  surrounding  the  storm  -.'-ere  at 
2-3  standard  aeviaiions  above  normal  304-  05  K). 
.Also,  it  is  possible  that  the  weaker  appearance  in  the 
satellite  measurements  represented  a recovery  from  the 
earlier  surge  that  went  p,ist  a substainable  level. 

b.  Intertuiton  ‘xith  the  u:esterliei 

CamiUe  rapidly  weakened  as  it  moved  inland.  By 
1200  on  the  18th  the  storm  had  reached  Jackson.  Miss., 
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Ftc.  12.  Humcine  Ctmille  at  lJOO-1900  GMT  16  .Aufuil,  1969.  u depicted  by  10.5  am  Tga  t from  the  MRIR  MMor 
Superunpoecd  on  the  analytia  of  the  radUtion  data  art  the  %ur(ace  aoalytis  and  cloud  motion  vecion  denved  from  low  clouds 
tracked  from  the  ATS  5 satellite  imafes.  The  cloud  motion  directions  art  indicated  by  the  arrows  and  the  speeds  art  in  knots. 


with  majtinium  wind  gusts  of  about  minimu.'n  hurricane 
force.  Nimbus  3 observed  the  cyclone  near  midday 
when  Camille  was  at  tropical  storm  strength.  There  had 
been  a sharp  decrease  in  the  maximum  cloud- top  levels 
as  evident  from  the  10.5  urn  Tgg  seen  in  Fig.  17.  The 
minimum  10.5  A»m  r»s  is  225  K.  and  assuming  that  the 
clouds  were  opaque  and  ttlled  the  field  of  view  of  the 
radiometer,  this  temperature  coincides  with  the  200  mb 
level  of  the  1200  sounding  for  Jackson,  Miss.  Twelve 
hours  earlier,  the  minimum  cloud  top  Taa's  were  205- 
209  K.  which  is  near  150  mb  on  the  0000  GMT  18 
•August  soundings,  both  at  Jackson  and  Shreveport,  La. 
The  2 km  drop  in  ma-timum  cloud-top  height  was  most 
likely  due  to  the  diminished  %ngor  of  the  upward  vertical 
motion  in  the  most  intense  activity  near  the  center. 

Per.haps  the  most  interesting  Mtellite  observations 
made  of  Camille  during  this  phase  of  its  life  cycle  were 
taken  by  the  two  water  vapor  channels  (Figs.  1 8a  and 
I8b).  Surrounding  the  center  to  the  north  and  west  was 


a band  of  high  Tgg's  which  were  higher  than  at  12  h 
earlier.  This  was  surprising,  since  the  cyclone  had 
weakened  so  much,  and  therefore,  it  should  follow  that 
any  storm-produced  subsidence  would  diminish. 

To  examine  this  area  of  warm  water  vapor  T.-rs’s 
which  was  observ'ed  at  1200  on  the  18th  and  again  at 
0000  on  the  I9th,  a quasi-geostrophic  adiabatic  lO-level 
diagnostic  model  (Barr  el  j/.,  1970'  was  employed  m 
order  to  investigate  the  middle  and  upper  troposphenc 
d.vnamics.  There  are  two  areas  that  were  e.xamined  with 
the  model.  The  first  was  located  behind  a weax  upper 
tropotpher.c  trough  just  north  of  Camille,  and  the 
second  was  an  area  of  honzontai  convergence  between 
Camille’s  ouidow  and  the  upper  troposphenc  environ- 
mental dow  northwest  of  Camille.  Both  of  these  areas 
appeared  in  the  tongue  if  warm  Tga'i  measured  in  the 
water  vapor  channels  norh  and  northwest  of  Camille 
at  1800  GMT  on  18  .\ugust.  Four  three-iimensionai 
trajectones  were  computed  at  3 h intervals  between 
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1200  on  the  I8ch  ind  0000  on  the  19th)  at  the  J50  and 
530  mb  levels,  in  order  to  examine  the  warm  6.7  anti 
21.5  Mm  Taa's.  respectively  (Figs.  18a  and  ISb).  The 
trajectories  a'  both  levels  originated  at  the  same 
location. 

Ir  Fig.  18a,  irajector)-  3 shows  an  air  parcel  moving 
through  the  base  of  the  trough.  During  the  hrst  9 h,  the 
parcel  experienced  subsidence  induced  mainly  by 
differential  advection  of  negative  vorticity  from  behind 
the  trough.  Equivalent  blackbody  temperatures  of  less 
titan  245  R correlate  with  this  area  of  sinking  air.  Mow- 
ever,  after  subsiding  16  mb,  the  air  parcel  moved  into 
an  area  of  ascending  motion  in  front  of  the  trough. 

In  the  middle  troposphere,  the  parcel  of  air,  as 
represented  by  trajector>‘  3,  was  less  influenced  by  the 
trough  and  more  influenced  by  an  area  of  divergence 
north  of  Camille.  During  the  flrst  3 h,  the  air  parcel 
subsided  as  it  moved  northeastward  but  then  aKended 
during  the  remaining  9 h as  the  air  parcel  moved  ahead 
of  the  trough.  Cross  section  .\A  in  Fig.  19a.  which  is 
located  in  a west-east  direction  verticalK  through  the 
base  of  the  trough  (designated  by  line  W in  Figs.  I8a 
and  18b),  delineates  the  vertical  extent  of  the  subsidence 
which  affected  the  air  parcel  flowing  through  the  base 
of  the  trough  represented  by  trajector>-  3.  It  can  be 
seen  that  the  greatest  subsidence  occurred  in  the  upper 
troposphere  at  92*  W.  This  subsidence  increased  the 


FiC.  tJ.  Hurricane  CanuUe  at  1900  GMT  16  .\u(utt  I960,  at 
recorded  by  the  Nimbus  3 loia(t  Divector  Camera  System. 


temperature-dewpoint  spread  in  the  troposphere  down 
to  W'  mb,  as  observed  in  the  vertical  dutr:h  tion  of 
specinc  humidity. 


Fto.  14.  Humcaoe  CaoiiUc  at  1500-1900  GUT  so  16  .\u|ust  1969,  as  depicted  by  0-2-4.0  nortial- 
irsd  .’edectan.  t memsureraents  (rom  tb*  MRIR  scascr  ’ spectral  albedo  in  percent).  Tb*  cyclone  center 
IS  indlfstad  by  tbs  oiclsd  cxom. 
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Fic.  Ij.  .\s  LA  Hf.  14  Mcept  fjr  il.5  «t°>  T§t't  from  the  MRIR  tensor. 

In  the  second  area,  it  was  found  from  vertical  mass  Trajectories  2 and  3 (mentlon'.'d  previour'v)  illustrate 

influx  computations  at  ail  10  levels  for  1200  GMT  the  middle  tropospheric  divergence  north  of  Camiile. 

18  August  that  the  maximum  honaontal  convergence  The  diverging  air  subsided  as  depicted  by  the  two 

^ of  5 X 10^  s“‘  was  above  tne  3S0  mb  level  with  trajectories.  Trajectory  4 again  outlines  thr  subsidence 

horizontal  divergence  below.  Trajectories  I,  2 and  4 in  further  doamstream  southwest  of  Camille.  Hete,  under 

Figs.  1 8a  and  18b  delineate  the  flow  pattern  in  uiis  area  the  influence  of  horizontal  cold-air  advction,  the  air 

of  the  middle  and  upper  troposphere.  .At  the  350  mb  coct  ued  to  subside  throughout  the  period.  The  21.5 

^ level,  trajectories  1 and  2 Fig.  13a)  best  outline  the  ism  Ttt’i  in  this  area  of  subsidence  were  K. 

upper  tropospheric  flow  from  me  base  of  the  trough  C.oss-section  BB  in  Fig.  I'Jb,  which  is  located  west-east 

I southwestward  into  the  area  of  convergence.  It  is  seen  through  the  convergence  area  designated  by  line  BB 

that  the  parcels  were  nrst  under  the  influence  of  in  Figs  I8a  and  lSb\  again  delineates  the  vertical 

, subsidefice  behind  the  trough,  but  \s  they  r oved  out  extent  of  the  subsidence.  Between  88*  md  98’  \V,  the 

of  the  trough  and  into  the  con  ergence  area,  the  parcels  subsidence  e.vtended  throughout  the  troposphere  w<'h 

continued  to  subside  due  the  enhanced  subsidence  weaker  subsidence  m the  upper  tropospnere  and  stronger 

caused  by  tlie  upper  level  convergence.  Further  down-  subsidence  in  the  middle  tr^posph're.  The  vertical  a.xis 

stream,  southwest  of  the  convergence  area  outlined  b\  of  the  subsidence  tilted  eA^tward  with  height.  .Again  the 

trajectory  4,  the  air  parcel  continued  to  subside  during  vertical  column  was  drier  .vithin  the  subs'den.c  area 

the  first  6 h as  it  moved  southwestward,  but  at  a much  as  depicted  by  the  specific  humidity  lines.  Thus,  the 

slower  rate.  This  subsidence  was  mainly  induced  by  trajectones  and  /ertical  cross  secuon  suggest  that  there 

the  horizontal  advection  of  colder  ai’  from  the  north-  were  two  tongues  of  subsidence,  one  moving  cvdoii'cally 

I east.  .After  6 b.  the  parcel  moved  into  an  area  of  ascend-  northeastward  through  the  base  of  the  tt^.i.  - \ md  the 

ing  motion.  In  this  area  of  descending  air,  the  6.7  .^m  other  moving  anticydonicaily  soutliw-.-rtv-.r  i lut  of 

Fza’s  were  ^245  K.  .At  the  550  mb  level  'Fig.  I8bl,  the  trough  and  into  the  aiea  of  euliarcea  s 'osidence 

the  parcel  in  trajeclorv-  I c 'scended  nearly  12  mb  in  below  the  convergence  area.  Therefore.  the  6..' 

the  first  6 h.  and  8 mb  dunng  the  last  6 h.  Indicanng  and  the  21.5  .im  water  vapor  chatmels  respond  to  the 

that  air  moved  out  of  the  trough  at  this  level  had  vanation  of  vater  vapor  in  the  upper  and  middle 

continued  to  subside  'under  the  influence  "S  forced  troposphe.’e.  respectively,  the  incre«s^  dr>".ng  of  the 

subsid'vce  caused  by  the  honzonial  conve'.ence  aloft,  at.mosphere  ;aused  by  the  cmianced  • osidence  wouli* 
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Fic.  16.  .\j  to  Fi^.  IS  except  for  6.7  nm  Superimpoied  on  the  of  the  rvfiotion  dato  an  cloud  motion  vec 

tor*  derived  from  high  and  middle  clouds  tracked  from  the  .ATS  3 satellite  images  and  the  iL’eamline  analyais  based  on  the 
cloud  motions  and  300  mb  rawins.  The  cloud  motion  duecemns  and  speeds  are  indicated  by  the  arrows  and  the  speeds  are  in 
knots. 


be  redected  by  the  tvarmer  water  vapor  Tas 
measurer:!  ents. 

The  radiosonde  measurement  at  Xashville,  taken  at 
0000  GMT  19  August  showed  that  Camille  had  weak- 
ened further  by  the  'ime  the  cyclone  had  reached 
extremr  northern  Mississippi.  By  then.  Cami'le  had 
been  downgraded  ».o  a tropical  depression.  The  strong 
Convergence  area  in  the  upper  troposphere  seen  12  h 
earlier  had  almost  disappeared,  due  to  an  anticyclone 
west  of  the  center  building  eastward  with  a small  ridge 
north  ijf  the  storm  renter.  The  dvmaraics  of  the  upper 
and  miadle  troposphere  had  changed.  With  C'  niile 
weakening  further  ard  becoming  more  embedded  into 
a more  zonal  westerly  flow,  the  interaction  between 
CairiUe  and  the  westeriies  had  become  weaker.  Caicula- 
tious  at  all  10  levels  in  the  model  revealed  that  there 
was  sail  an  area  of  upper  oopospheric  horizontal 
convergence  north  of  Camille,  but  with  a weaker 


magnitude.  Cross-section  .\A  (Fig.  20a)’  indicates  that 
the  subsidence  between  90*  and  97®  W that  was 
a.  jibuted  to  diflerenaai  adveciion  of  negative  vorticity 
from  behind  the  trough  was  weaker  than  that  12  h 
earlier.  The  vertical  e.xtent.  however,  still  e.xtended 
throughout  the  troposphere  which  continued  to  keep 
the  coluinn  dry  as  seen  in  the  isolines  of  specific 
humidity.  Cross-section  BB  > Fig.  20b)’  reveals  that  the 
subsidence  between  90®  a.td  95®  W.  associated  with  the 
upper  tropospheric  horizontal  convergence  between  the 
westerlies  and  Camille’s  outflow,  had  weakened  How- 
ever. the  subsidence  continued  to  keep  the  column  dry 
as  shown  by  the  sp-x:ihc  humidity  isoiines.  The  strong 
subsidence  further  west  at  98®  was  not  related  to  the 
Camille  interaction  with  the  westeriies,  but  was  induced 


' Cross  icctiors  .A.A  and  &B  n Figs.  30a  and  30b  uiietsect  the 
tame  areas  as  m Fig.  IS. 
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Fw.  17.  Humane  Camille  at  1600-1900  GMT  IS  Aujuit  i969.  as  depicted  by  lO.S  tun 
Ttt’i  fiom  ihe  MRIK  tensor. 

by  horizontal  cold  air  advection  from  around  the  ridge  canopy  at  24  h intervals  ^or  two  da\'s  before  and  during 
west  of  Camille.  the  excessive  rain  period. 

Fig.  2la  provides  a standard  of  reference  for  the  two 

c.  Excusrtt  raw  «TT  tJu  central  A ppdachans  ^RIR  of  CamUle  as  the  :yclone  was  moving 

ashore  on  the  Mississippi  coast.  The  lowest  3.5-4. 1 Mtn 
.As  Camille  moved  northeast  and  then  east  across  ^aa’»  are  $ 210  rv  over  a small  area  near  the  center.  .A 
western  Tennessee  and  Kentucky,  it  was  a tropical  maximum  cloud-top  height  o.' 125  mb  (15.4  km)  can  be 
depression  producing  moderate  to  locally  heavy  rainfall  inferred  from  the  minimum  T bb  and  the  0000  Lake 
of  5-10  cm  at  stadons  close  to  the  track  of  the  center.  Charles  temperature  profile  on  18  .August. 

However,  • 'he  storm  center  reached  West  Virginia,  Twenty-four  hours  later,  the  greatly  weakened 
heavy  rainmii  began  in  west  central  Virginia  around  cyclone  was  over  western  Tennessee.  The  HRIR  view 
0000  GMT  on  the  20th  and  continued  for  approxi-  21b)  indicates  that  the  cloud  pait-m  was  more 

mately  12  h.  Schwarz  (1971)  has  reported  that  the  disorganized  with  the  highest  clouds  liowesi  T„«’s) 
extreme  rainfalls  were  associated  with  near  record  low-  about  .400  km  northeast  of  the  center.  There  bad  been 

level  moisture  that  was  not  subject  to  depledon  by  “ increase  in  the  minimum  Tbb  to  about  215  K.  L'sin^ 

upwind  mountain  ridges.  The  .Appalachians  contributed  *he  CWOO  GMT  19  .August  sounding  at  Nashville,  this 
to  the  large  local  amounts  of  rainfall  (as  high  as  69  cm)  measurement  would  mean  the  maximum  cloud  top 

because  the  low-level  dow  was  from  the  southeast,  *4  180  mb  (13.2  km).  Thus,  there  w-as  an  apparent 

perpendicular  to  the  mountain  range.  Upper  tropo-  reduction  in  the  maximum  cloud  top  height  of  2.2  km 
sphenc  horzontal  divergence  is  another  important  in  24  h. 

condition  th«t  would  favor  regeneration  of  the  cloud  The  third  and  anal  HRIR  view  of  the  series  (Fig.  21c) 
mass  and  lead  to  the  production  of  heavier  precipitation.  ^ the  time  of  the  e.xcessive  rainfall.  Most  of  the 
.A  strong  field  of  horizontal  sper"*  and  direction  diver-  intense  cloudiness  as  outlined  by  the  area  where  the 
gence  was  present  just  northeast  of  the  cv'clone  center,  Taa’s  were  $ 230  K)  was  north  and  east  cf  the  center 

at  200  mb.  simiiar  to  the  positio.i  of  the  cloud  shield  for  an  e.rtra- 

The  regeneration  of  the  cioud  mass  was  best  seen  by  tropical  cyclone.  There  were  several  areas  where  the 

the  .Nimbus  3 HRIR  which  observed  Camille’s  cloud  Tta  values  were  $ 21C  K with  a minimum  of  203  K. 
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(a) 


(b) 


I2GMT  18  Aug  ‘€9  Crow  Soctivi  A <2  GMT  I8  Aug  '69  Crow  Stcnon  B 


Fic.  19.  Crow  scctioiu  along  (a)  W and  lb)  FB  of  vertical  motion  (solid  lines)  and  specific 
humidity  (dashed  lines)  for  1200  GMT  IS  .\ugust  1909. 


Therefore,  the  maximum  cloud  top  height  had  reached 
the  125  mb  (15.4  lun)  level  which  was  the  maxin.um 
cloud-top  level  when  Camille  was  still  a severe  hurri- 
cane, shortly  after  crossing  the  Mississippi  coast. 


(o) 

00  GAIT  :9  Aug  ‘69  Cmw  Section  A 


Eitratropical  secondary  storm  development  has 
occurred  when  there  was  a significant  vertical  cloud 
growth  within  a large  e.tbting  doud  mass ; u:is  growth 
can  precede  the  detection  of  the  new  cyclone  over  the 


(b) 


mO*W  iOO*W  90*  W 90*W 
HURPCANE  CAMILLE  35  0*N  9C0*W 


Fio.  20.  .\s  in  Fig.  19  except  for  0000  GMT  19  .\ugust  196? 
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ocean  \vith  conventional  data  (Shenk,  1971).  In  the 
case  of  Camille,  the  vertical  cloud  growth  to  high  levels 
was  noticeable  when  the  heavy  rains  were  in  progress. 
Smce  the  HRIR  observation  interval  is  24  h,  it  is  not 
possible  to  determine  whether  or  not  the  clouds  reached 
the  observed  0600  GMT  20  August  levels  before  or  at 
the  onset  of  the  period  of  maximum  rainfall  rate.  If 
infrared  measurements  had  been  available  on  a nearly 
continuous  basis  from  a geossmchronous  satellite,  it  is 
possible  that  flood  warnings  could  have  been  issued 
based  on  the  change  in  the  absolute  levels  reached  by 
the  cloud  tops.  Both  the  Washington  and  Pittsburgh 
radars  observed  the  strong  echoes  at  ranges  of  generally 
^ 200  km.  Schwarz  (1971)  concluded  that  the  measure- 
ments did  indicate  the  presence  of  the  important 
vertical  motions.  However,  if  the  rainfall  activity  had 
been  outside  of  effective  radar  range,  then  most  likely 
the  satellite  measurements  would  have  been  the  only 
source  of  information  with  a timely  observation  interval. 


4.  Conclusions 

Prior  to  the  rapid  deepening  phase  of  Camille,  there 
was  the  development  of  strong  low-level  inflow  of  high 
moisture  content  air  from  the  region  near  the  ITCZ 
moving  over  a sea  surface  with  temperatures  1-3 
standard  deviations  above  normal.  The  concurrent 
development  of  large-scale  cloud  bands  southeast  of 
the  center,  extending  to  the  cirrus  level,  was  the  satellite 
evidence  of  the  inflow.  Just  before  the  onset  of  the  rapid 
deepening,  the  cloud  bands  showed  a broad  connection 
to  the  cloudiness  witiiin  the  ITCZ,  and  the  6.7  mRi  water 
vapor  channel  indicate^  the  outflow  of  cirrus  to  the 
north  of  the  center,  which  was  associated  with  the 
necessary  upper  tropospheric  ventilation  of  air  away 
from  the  cyclone.  It  was  possible  to  ascertain  the 
relative  strength  and  position  of  the  important  features, 
such  as  upper  tropospheric  shear  lines  and  easterly 
waves,  with  the  combination  of  Nimbus  3 MRIR 
channels  and  continuity. 

During  the  rapid  deepening  phase,  the  cloud  bands 
southeast  of  the  center  persisted.  At  the  beginning  of 
the  rapid  deepening,  the  size  of  the  intense  cloud  region 
associated  with  Camille  sharply  contracted  and  then 
expanded  again  as  the  ma.ximum  deepening  rate 
occture'’  Simultaneously,  a large  area  of  subsidence 
developed  west  and  north  of  ±e  center.  The  subsidence 
extended  irom  the  upper  troposphere  vertically  down- 
ward, to  at  least  the  low  cloud  level,  as  inferred  irom 
the  measurements  made  by  four  of  the  MRIR  channels. 
Neither  the  e.xpanded  cloud  shield  nor  the  large  subsi- 
dence region  seemed  to  persist  for  more  than  24  h, 
leading  to  the  hypothesis  that  the  rapid  deepening  was 

Fic.  21.  Tropical  depression  Camille  at  (a)  0540  GMT  18 
August,  (b)  04%  GMT  19  .August  and  (c)  0550  GMT  20  .August 
1969,  u depicted  by  3.8  urn  Tt§i  from  the  Nimbus  3 HRIR.  The 
isotherms  an  given  in  Itelvina. 
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usociated  mth  a sudden  surge  that  extended  past  a 
sustainable  energ>'  level.  There  was  a 2-3  km  reduction 
in  maximum  cloud-top  level  about  12  h after  Camille 
moved  inland,  in  response  to  the  probable  weakening 
of  the  vertical  circulation,  within  the  inner  portion  of 
the  cyclone.  The  outflow  acted  as  a partial  obstruction 
to  the  environmental  flow  in  the  upper  troposphere 
northwest  of  the  center  of  Camille.  This  interaction 
produced  horizontal  convergence  and  subsidence.  The 
eSects  of  the  subsidence  could  be  seen  in  the  two  water 
vapor  channels,  where  the  subsidence  areas  were 
demarcated  by  that  were  initially  relatively  high 
and  were  increasing  with  time.  A smaller  region  of  dry 
air,  produced  by  a shear  line  east  of  Camille,  was  not 
seen  as  clearly  in  the  satellite  measurements  as  the  area 
northwest  of  the  center  due  to  the  drrus  clouds  in  the 
outflow  region  overriding  the  dr>*  air. 

As  Camille  turned  eastward  across  the  lower  Ohio 
valley,  the  cloud  pattern  look^  like  that  of  a small, 
vigorous,  extratropical  storm  with  maximum  cloud 
tops  at  13-14  km,  and  the  interaction  between  the  out- 
flow and  the  environmenul  flow  had  diminished  con- 
siderably. Speed  and  direction  divergence  in  the  upper 
tropospheric  wind  field,  determined  from  conventional 
and  cloud  motion  measuremer,  s,  was  an  indication  that 
conditions  were  favorable  for  renewed  vertical  cloud 
development  as  earl>  as  1200  GMT  19  August.  When 
the  excessive  rainfall  was  in  progress  over  Virginia,  the 
cloud  tops  had  risen  to  15-16  km,  which  was  the  level 
reached  when  the  cyclone  was  still  a severe  hurricane 
just  after  crossing  the  Mississippi  coast. 

Since  1969  there  have  been  many  advances  in  satellite 
measurements  and  techniques.  Latent  heat  estimates 
are  now  possible  from  19  GHz  microwave  scanners 
(Adler  and  Rodgers,  1977).  From  geosynchronous 
altitude  SMS/ GO E.^  measurements  are  being  used  to 
compute  cloud  motion  derived  wind  fields  that  are 
superior  to  those  that  could  be  made  from  ATS  1 or  3 
and  to  continuously  estimate  cloud-top  heights  from 
the  inboard  channel  (Gentry  et  al.,  1976).  Some  of  the 
concepts  discussed  in  this  paper  are  being  evaluated 
using  the  SMS/  GOES  measurements  while  others  can 
be  once  water  vapor  chaimel  measurements  are  made 
from  ^sosynchronous  orbit  starting  with  the  European 


satellite  which  is  currently  scheduled  for  launch  in 
November  1977. 
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1.  IKTROOCaiON 

Tha  Intsracclon  btcvatn  uppar  and 
lowap  tropospharlc  jac  seraaks  Is  vldaly  racog- 
nixad  as  an  laporcane  factor  in  tha  davalopaanc 
of  organlsad  convacclva  scont  systaas  (saa  Havcon, 
1967;  Danlalsan.  1974;  aaong  oehars)>  Tha  tan- 
dancy  has  baan  to  traat  tha  low  laval  (boundary 
layar)  jat  and  uppar  tropospharlc  jac  scraak  as 
saparata  anciclas-  Howavar,  In  a racanc  papar  by 
Ucealltnl  and  Johnson  (1979),  an  axtanstva  analy- 
sis of  tha  lO-Il  May  1973  tornado  oucbraak  In 
Ohio  ravaalad  chat.  In  this  particular  casa,  tha 
jact  vara  not  lapartca  rncltlas  but  Inscaad 
rapt'  'ncad  a couplaa  phanonanon,  Rasulcs  fron 
tha  ' -11  May  casa  study  showed  that  1)  a low- 
lavt.  jac  (LLJ)  banaach  tha  axle  region  of  an 
uppar  tropospharlc  jet  scraak  was  aobaddad  In  tha 
lower  branch  of  an  Indtract  circulation,  2) 
Intensification  of  the  lower  branch  and  davalop- 
■ant  of  Che  LLJ  was  largely  a result  of  an 
Incrsasad  isallobarlc  wind  co^>onanC  and  3)  the 
dav.  lopaane  of  the  low-lavel  ja:  was  coupled  to 
the  upper  tropospheric  jac  streak  by  the  two- 
layer  >ass  adjustaent  within  the  axle  raglon  of 
the  streak.  The  Isallobarlc  wind  coaponane  was 
tha  prlaary  reason  for  tha  axis  of  tha  LLJ  being 
at  a significant  angla  to  tha  upper  jet's  axis 
and  tha  resulting  vaarlng  of  the  wind  with  height. 
In  the  axle  region,  the  gaoaaery  of  this  adjusc- 
asne  coablnad  with  the  wara,  aolsc,  lower  tropo- 
spheric air  CO  Che  right  of  the  jet  scraak  and 
cool,  dry  air  at  the  jac  screak  laval  produced 
tha  dlffa.'enclal  advacclons  that  eonvecclvaly 
destabilized  tha  acaosphare. 

Tha  purpose  of  this  papar  Is  to 
address  the  problaa  of  applying  tha  concept  of 
coupled  jet  seraaks  to  the  large  nuabar  of  low- 
lavel  jets  which  occur  In  the  Great  Plains 
(Bonnar,  1968)  and  which  are  xnown  to  be  lapor- 
tane  for  the  davalopaanc  of  coaveetlve  scora 
systaas  (Means,  1932,  1934;  Pltchford  and  London, 
1962;  Bonnar,  1966).  In  Section  2,  a lltaracure 
review  Is  prasantad  which  notes  that  boundary 
layar  and  carraln  affects  ara  eaphaslzed  at 
causaclvs  factors  in  the  davalopaanc  of  low 
laval  jets  In  the  Great  Plains,  while  uppar 
tropospharlc  characeartsclcs  and  procasses  have 
not  baan  consldarad.  In  Sactlon  3,  13  eases  of 
LLJ's  In  tha  Great  Plains  that  have  bean  pre- 
viously discussed  In  tha  l^caratura  ara  reviewed 
with  the  aaphasls  plaead  on  detaralnlng  If  any 
tysteaaelc  synoptic  forcing  Is  coaaon  to  chase 
eases.  A suoaary  of  results  Is  prasantad  In 
Sactlon  4. 


2.  LOU  LEVEL  JETS  IN  THE  GREAT  PLAINS 

Bonner's  (1968)  statistical  analysis 
conflnaed  chat  a large  nuabar  of  low  laval  jets 
occur  In  tha  Great  Plains,  with  the  aaxlaua  nua- 
bar  of  LLJ's  existing  froa  Texas  to  Nebraska 
(Fig.  1).  Means  (1952,  1934)  and  Bonnar  (1966) 
have  shown  chat  thasa  low  level  jets  are  especially 
laporcane  for  their  rapid  transport  of  haac  and 
Bolstura  froa  the  Gulf  region  Into  areas  of  con- 
vective scoras  which  produce  heavy  rainfall.  Tha 
LLJ's  In  the  Craae  Plains  raglon  are  characterized 
by  a dlumal  oscillation,  as  the  wind  speeds  reach 
aaxlaua  Intensity  by  early  aornlng,  and  are  associ- 
ated with  the  developaenc  of  a nocturnal  ceaperature 
Inversion  (Blackadar,  1937;  Uexler,  1961;  Hoackar, 
1963;  Izual  and  Barad,  1963;  Izual,  1964;  Lactau, 
1967,  Bonnar,  1968).  The  westward  extension  of 
Che  North  Atlantic  Subtropical  High  (Waxier, 

1961),  boundary  layer  alxing  processes  (Blackadar, 
1957),  and  cne  diurnal  radiation  cycle  over  sloped 
certain  (Lattau,  1967),  with  greaCar  esphasls 
placed  upon  the  topographical  characteristics  by 
Paagla  and  Rasch  (1973)  and  Paagla  (1978),  have 
all  baan  related  to  the  generation  of  the  LLJ  and 
Its  seasonal,  ceoporal  and  geographic  praferanca. 

Relcar  (1969),  Danlelsen  (1974), 

Newton  (1936,  1967)  all  present  avldanca  that  low 
level  jets  can  also  develop  In  rasponaa  to  synoptic 
or  subsynoptlc  scala  processes  particularly  through 
a rasponaa  to  laa  side  cycloganasla  cobboo  to  the 
Great  Plains  (saa  Hovanac  and  Horn.  1975).  For 
the  large  nuabar  of  jat  cases  collaccsd  for  tha 
cllaacologlcal  suaoary,  Bonnar  (1963)  acsced  that 
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*U0  aO  charta  ra<rtaaa4  (ar  uaaar  laaal  aaalrata< 
aaictaal  ala4a  aa  100  afe  ckactt  aac  aaalUkla- 

"On  roughly  60  poreanc  of  eha  jot  days  at  aach  sta- 
tion, cold  fronts  or  low  prassura  cantors  wars  to 
ba  found  within  3S0n  al  to  tha  watt  of  tho  sta- 
tion. On  roughly  ona-half  of  thasa  days,  frontal 
paataga  oecurrad  within  tha  noat  twolva  hours.” 

In  a racant  discussion,  Bonnar'^  ttatad  that  tha 
organlsad,  coharant  LLJ't  In  tha  Croat  Plains 
that  could  ba  analytad  within  a taglon  (rathar 
than  balng  obvious  at  only  a fav  Individual 
stations)  wars  fraquantly  assoclatad  with  laa  slda 
troughlng,  laa  slda  cycloganatla  or  a frontal 
passaga  aasoclatad  with  a cyclona  furthar  north. 
Thasa  obsarvatlona  suggast  a high  corralatlon 
batwaon  LLJ  occurranca  and  synoptic  to  aubsynoptlc 
seals  forcing.  Thay  also  sarva  at  a aotlvaelon 
for  rovlavlng  casas  of  LLJ's  provloualy  raportad 
on  In  tha  lltaraturs  for  which  boundary  layar 
procassas  and  tarrsln  affacts  wars  aaphaaltad 
and  uppar  eropoapharlc,  synoptic  faaturaa  wara  not 
conaldarad. 

3.  REVIEW  OF  LLJ  CASE  STUDIES 

An  axtanslva  laount  of  rasaareh  Into 
tlio  forcing  of  ILi's  was  undartakan  In  eha  I960*t 
with  spaclal  PIBAL  natworks  and  towar  ■aaturaisanea 
asaantlally  to  east  tha  thaorlas  pravlously 
prasantad  by  Blackadar  (1937)  and  Waxlar  (1961). 
Tabla  1 llaet  IS  casas  of  LLJ's  which  wara  utad 
In  thasa  studlat  and  Includa  4 cataa  froa  1961 
(Roackar  1963;  Bonnar  1963,  1966)  for  which 
spaclal  naework  data  ara  avallabla.  Tha  casas 
llstad  In  Tabla  1 span  all  tha  saatona  and  Includa 
situations  with  and  without  convactlva  seoraa. 
Nawton's  (1936)  study  of  laa  slda  cyclogonasls 
Is  llstad  In  Tabla  1 slnca  It  also  Ineludad  a 
dascrlpelon  of  a sti’ong  low  laval  Jat  In  tha  Craat 
Plaint.  Excapt  for  tha  Nawton  papar,  nons  of  tha 
easa  studlat  In  Tabla  1 Includa  any  aataorologlcsl 
charts  or  oehar  inforaatlon  abova  tho  700  ab  laval. 

Aa  a first  stop  In  raviowing  tha 
pravlously  docuaantad  casas  of  eha  low  laval  Jat, 
uppar  air  saps  wara  eollacead  for  aach  easa, 
rsvlawad  and  eatagorlzod  aa  savaral  basic  flow 

^Partonal  CoBunlcatlon 


Fig.  2:  SckorKttic  Oj  appe.1  tiopoiphvuc  ISOO  mb  I 
jicw  pattiAJii  ^5  caiCi  LWi  in  iOuXh^t 
GAea.t  Ptain6.  Top;  tgpz  I condition  u-iicch  ii 
^ep^uentaiive  jon.  12  out  o^  the  15  coiO. 

Bottom:  tgpe  2 condition  iJiich  ex.iitcd  jot  the 

otheA.  3 caatA.  Veahed  Una  otc  jet  itxeakA. 

pactams  bacaao  raadlly  apparane.  Tha  schoaatle 
In  Fig.  2 aunsrlzas  eha  uppar  eropos  harlc  flow 
pactams  which  pravallad  during  eha  oc.  <rranca  of 
tha  LLJ  and  shows  chat  two  basic  pactams  axlscad 
for  eha^'o  easat.  Tho  first  typo  consists  of  a 
trough  ovar  tha  Rocklas  and  rldga  locaead  In  tho 
aaaeara  third  of  tha  country  with  significant 
uppar  eropoapharlc  jat  acraaks  propagating  coward 
tha  Croat  Plains  froa  tha  Navada-Callf ornla  raglon 
(polar  origin)  and  froa  tha  Arlzona-Maxico  raglon 
(subtropical  origin).  Thasa  conditions  sxlsccd 
for  12  out  of'tha  13  casas.  Thara  Is  consldarabla 
variability  In  tha  oagnlcuda  of  tha  trough  and 
uppar  eropoapharlc  jat  straaks  locatad  ovar  tha 
waacam  Unltad  Scatas  for  tha  12  LLJ  casas  llstad 
In  Tabla  1.  Howavar,  eha  axlseanca  of  a 300  ob 
trough  ovar  tha  far  vast,  uppar  eropoapharlc  jat 
straaks  propagating  toward  tha  Croat  Plains  and 
tha  davalopoant  of  a laa  slda  cyclona  or  trough 
that  occurs  with  this  eypa  of  uppar  eropoapharlc 
flow  (Nawton,  1936;  Hovsnac  and  Horn,  1973)  Is 
raoarkably  conslscanc.  Tha  sacond  paccam,  which 
axlscad  for  3 out  of  IS  casas,  consists  of  a strong 
rldga  locatad  ovar  tha  front  ranga  of  tha  Rocklas 
with  waak  uppar  eropoapharlc  flow  ovar  tha  norch- 
Taxas,  wastam  Oklahona-Ransas  raglon.  Tha  wall 
docuaantad  LLJ  casas  which  claarly  display  eha 
diurnal  wind  oscillation  with  a nocturnal  oaxloua 
coinciding  with  • boundary  layar  Invarslon  (a.g. 
lauol  1964;  Hoackar  1963)  wara  asaoclaead  with 
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chit  cyp«  of  flow. 

Tho  chrt*  Hooekir  eoaoa  (Tabla  1) 
llluatraCa  tha  vartabla  oatura  of  cha  LLJ'a 
obaarvad  in  cha  aoutharn  Rraac  Plalna  during  tha 
■paelal  obaarvatlon  parlod  In  1961  and  alao 
provtda  avldanea  on  cha  talatlva  influanca  that 
boundary  layar  proeaaaaa  hava  on  tha  LU  aa  a 
function  of  tha  aynoptle  acala  forclnt.  Tha 
28-29  ttay  1961  eaaa  of  a U.J  In  tha  aoutharn 
Graat  Plalna  llluatrataa  cha  "elaaalc”  diurnal 
oaclllaclon  in  tha  aagnlcuda  and  coharaney  of  Cha 
ILJ  (aaa  Tlg<  S in  tha  Roackar  papar)«  tho  LIJ, 
vhich  raualnad  juac  abova  tha  boundary  layar 
taag^aratura  Invaralon  ( 600  a),  raaehad  a aaxliaun 
valua  of  2S  ■ a~'‘  bacvaan  0000-0600  CSTa  waakanad 
Inaadlataly  afcar  aunrlia  to  a IS  a a"  aaxlaua 
and  Incraaaad  again  aftar  aunaac<  Tha  U.J 
appaarod  wall  organliad  during  cha  night  but 
appaarad  to  ba  laaa  eoharant  during  cha  dayi 
appatantly  aa  a raaulc  of  tho  aolar  Inaolaclon  and 
Incraaaad  boundary  layar  curbulanea.  Tha  aurfaca 
aapa  for  28  Kay  dlaplay  a ralatl-'aly  woak  pratsura 
gradlanc  In  tha  aoutharn  Graat  Plalna  aaaoclatad 
with  a waakrnlng  Invartad  trough  In  Oklahoaa 
(Plg<  3A)>  Tha  300  ab  flow  la  alao  waak  In  tha 
aoutharn  Cvaac  Plalna  with  cha  halghc  eoncoura 
llluatraclng  a cypa  2 condition  daflnad  In  Tabla  1 
(Pig.  3B). 

Tha  30-31  Hay  1961  eaaa  froa  Koackar 
provldaa  additional  avldanea  of  a diurnal  oacllla- 
cion  but  alao  ahowa  a davlatlon  froa  cha  claaalc 
pactam.  During  cha  aarly  aornlng  of  Hay  30,  cha 
LlJ  Incraaaad  to  20  a a ovar  Oklahoaa  and 
raaalnad  at  tha  400  a laval  coinciding  with  cha 
Invaralon  laval  (aaa  Pig.  7 in  tha  Hoackar  papar). 
laawdlacaly  afrc  aunrlaa,  cha  LIJ  appaarod  to 
braak  down,  but  aora  ao  In  tho  coharaney  rathar 
than  In  cha  aagnlcuda  o£  aaxlauia  valoclty  which 
droppad  off  to  IS  ■ a*  . Tha  U.J  began  raorganl- 
ilng  and  Incraaalng  in  aagnltuda  durlnc  tha  af tar- 
noon  rathar  chan  aftar  aunaac  and  Incraaaad  to 
2S  a a ^ by  2200  CST  30  Hay.  Tha  aurfaca  aap  for 
30  Hay  ahowa  a davaloplng  praaaura  gradient  aaaocl- 
atad with  a lae  alda  trough  (Pig.  4A)  aa  cha  300  ao 
trough  ahlftad  aaac  froa  Ita  28  May  poalclon 
(Pig,  48).  talatlvaly  waak  Jac  acraaka  propagacad 
coward  cha  aoutharn  Croat  Plalna  with  cha  axtt 
region  of  cha  aubcroplcal  jac  coinciding  with  tha 
poalclon  of  cha  ILJ  In  cha  Oklahoaa  region. 

Tha  23  April  1961  eaaa  froa  Hoackar  la 
charactarltad  by  auch  largar  aynoptle  acala  forcing 
ch^n  tho  pravioua  two  caaaa  aa  a aajor  laa  alda 
cyclone  developed  within  cha  axlt  region  of  a jac 
atraak  propagating  coward  tha  Great  Plalna  froa  cha 
Pacific  Coaat  (Pig.  S).  Tha  aurfaca  praaaura 
gradient  In  thla  eaaa  waa  naarly  33t  larger  chan 
cha  other  two  caaaa.  Although  tha  29  a a'*'’ 
aagnltuda  of  cha  LLJ  obaarvad  In  Oklahoaa  on 
23  April  (aaa  Pig.  2 in  Hoackar  papar)  waa  no 
largar  chan  cha  aagaltudaa  obaarvad  In  cha  ocher 
caaaa,  tha  paralstanca  and  general  eharactarlatlea 
of  tha  LLJ  ware  nocleaably  different.  Tha  LU 
Incraaaad  during  tha  night  of  22  April  and  aornlng 
of  23  April  aa  the  praoauta  gradient  alao  Ineraaaad 
In  tha  Graat  Plains  region  In  raaponsa  to  the  laa 
side  cycloganaals.  Onllka  tha  ocher  caaaa,  the  LLJ 
did  not  rapidly  weaken  during  tha  aornlng  but 
paralatad  and  raaalnad  eoharant  wall  into  the 
afternoon  with  cha  aagnlcuda  of  the  LLJ  raaalalng 


iraatar  than  20  a a . Although  Hoackar  actrlbutad 
cha  behavior  of  cha  LLJ  In  cha  23  April  eaaa  c.-i  a 
westward  axtanalon  of  cha  subtropical  high  and 
daytlfSa  cloud  cover,  it  appears  aora  likely  chat 
tha  cycloganasls  and  tha  upper  tropospheric  jac 
acraaka  which  era  laportant  for  lae  side  davtlop- 
aent  (Hawton  19S6  Hovanec  and  Horn,  197S)  could 
alao  ba  rasponslbla  for  cha  strong  praaaura  gradient 
In  cha  Graat  Plalna  and  paralacanc  nature  of  cha 
LLJ  for  thla  ease, 

Tha  16-17  Hay  1961  case,  pravloualy 
anaiTiad  by  Bonnar  (1963,  1966)  using  cha  special 
PXB.AL  network  offara  additional  evidence  chat  tha 
eonblnad  affseta  "f  uoear  tropoapharlc  jet  acraaka 
and  lac  side  cyclogenaala  can  Influanca  the  bahavior 
of  LLJ's  in  the  scutham  Great  Plains,  In  this 
eaaa,  tha  LLJ  was  wall  aatabllahad  In  souchwaat 
Kansas  In  tha  afternoon  of  16  Hay  and  ahlftad 
southeastward  to  Oklahona  by  early  evening  (0000 
GMT  17  Ma-5  Pig.  6).  During  the  night,  tha  aag.tl;. 
tuda  of  une  wind  naxlaua  Incraaaad  to  over  30  a s~^ 
aa  the  position  of  tha  LLJ  continued  Co  shift 
aaseward  then  northeastward  to  southwest  Missouri 
by  1200  GJft  17  Hay. 

Pig.  6 also  Includes  the  surface  pres- 
sure tendencies  coapuced  ovar  a two  hour  Interval 
by  Bonnar  (1963)  and  saoochad  to  allatnaca  high 
frequency  parcurbaclon«  ralatad  to  Individual 
thundarstora  cells.  Bonner's  study  actaapead  to 
ralaca  cha  surface  pressure  tendanclas  and  resul- 
tant Issllobarlc  wind  to  tha  evolution  of  the  LLJ. 
Bonnar  noted  that  at  any  clvan  claa  cha  Isallo- 
barlc,  agaoscrophlc  wind  tended  to  ba  perpendicular 
to  cha  axle  of  tha  ".tj  and  that  tha  gsoscrophlc 
wind  was  a batter  approxlaaclon  to  the  real  wind. 

Rowaver,  It  appaars  froa  Pig.  6 that 
cha  surface  pressure  tendanclae  and  the  eastward 
shift  of  tha  confluence  sona  could  both  continuously 
concrlbuta  to  parcel  accalaraclcns  Into  the  observed 
locations  of  Che  LLJ.  Bacwee.t  1800  GMT  and  0000 
CHT  cha  area  of  aaxlMia  pressure  Calls  shifts  south- 
eastward froa  tha  Texas  panhandle  to  norch-cantral 
Texas  and  then  by  ObOO  CHT  northoaeeward  to  souch- 
wast  Missouri.  Tha  ralaclve  positions  of  tha 
coafluanca  tone  and  the  praaaura  falls  eras  upwind 
of  cha  LLJ  core  would  both  concclbuta  to  parcel 
acealaratlona  In  cha  "along-scraan”  direction  Into 
tha  cote  of  cha  LLJ.  Pot  axaaple,  lower  tropospheric 
parcels  located  In  norchaasc  Texas  at  0000  GMT  would 
hava  an  agaoscrophlc  cosiponanc  directed  to  cha  west 
approxlaatad  by  tha  confluence  tern  (2)  and  tha 
Issllobarlc  tara  (1)  la  cha  aquation: 

n ) *■  "X  Cl) 

wtiara(^ag  la  tha  agaoscrophlc  wind,  )|J.ls  hdrlsoncal 
wind,V  gradlanc  oprtttor  and  K cha  unit  vector 
notasl  to  cha  horisontal  planaT  The  agaoscrophlc 
eoa^onant  (^sg)  would.  In  turn,  lead  to  parcel 
acealaratlona  coward  cha  north-central  Oklahoaa 
where  cha  LLJ  was  loeatsd  by  0600  GKT.  Slallarly 
given  cha  conflu^s  tone  la  north  Texas  and  tha 
axis  of  eagaclva'y^fron  northeast  Texas  to  north- 
east Kansas  at  0600  GKT,  paresis  located  la  north- 
east Oklaboxa  down  to  Tsxas  at  0600  GKT  would 
undergo  aecalaraclons  ctnratd  wouchwast  Missouri 
whore  tha  LLJ  was  loeacad  at  1200  GMT  17  Hay.  Tha 
avolutlon  of  cha  wind,  halghc  and  praaaura  tendency 
fields  la  this  fashion  Is  consistent  with  a autual 
and  continual  aass-«osMntu«  adjusenant  occurring  on 
a subsynoptic  scale  In  saaoclatlon  with  cha  east- 
ward propagation  of  tha  eyelona. 


Tht  upptr  cropotpharlc  f«*tur*t  «nd 
lynopctc  tcHlt  char<ct«rltclct  of  ch*  16-17  Hay 
1961.  caaa  ara  IVluitracad  In  Flt>  7.  Satvaan 
0000  CHT  and  1200  GMT,  two  uppar  tropoapharlc  jat 
tcraaka  propagatad  aatcward  Into  Cha  Craac  Flalna 
raglon.  taa  alda  eycloganaslt  earalnatad  by 
0000  GMT  17  May  aa  cha  aurfaca  Idw  flllad  by 
1200  GMT  (noca  Fig.  6 chac  poaUlva  pcaaauca 
tandanclat  vara  locacad  In  cha  canhar  of  cha  low 
by  1200  CTfT).  Tha  860  nb  mapa  In  >'lg.  7 and  cha 
taocach  mapa  ac  0000  GMT  and  1200  CHT  17  May  In 
Fig.  6 ravaala  chac  ac  boch  claaa  cha  LLJ  waa 
locacad  in  cha  axle  ttflon  of  cha  aoueharn  uppar 
laval  jac  atraak.  Combining  cha  Informaclon  from 
Ftga.  6 and  7 auggeaea  chac  cha  avolullon  of  cha 
LLJ,  aapaclaUy  lea  aaacvtrJ  ahlfc  during  cha 
12  h parlod,  la  llnkad  co  Cha  uppar  laval  jac'a 
propagaclon  and  aaaoclacad  maaa  adjuacmanca  aa 
dlacuaaad  by  Uccalllnl  and  Johnaon  (1979).  Ic 
would  of  couraa  caka  a chorough  analyala  Co 
confirm  chla  Incarpcacaclon  and  co  dacarmlna  Cha 
ralaclva  Imporcanca  of  chaaa  procaaaaa  aa  compared 
CO  cha  boundary  layer  procaaaaa  which  ould  alao 
concrlbuee  co  cha  inctaaaa  In  wind  ap  id  obaarvad 
baCwacn  0000  GMT  and  0600  CHT  (Fig.  6^. 

4.  SUMMARY 

In  a cactnc  papar,  Uccalllnl  and 
Johnaon  (1979)  dlacuaaad  cha  manner  In  which  cha 
davalopmanc  of  LLJ'a  could  ba  coupled  co  upper 
croposphcrlc  Jacs  chrough  mucual  maaa-momanCum 
adjuacmanca  wlchln  cha  axle  raglon  of  cha  uppar 
laval  jec  acreak.  In  chla  papar,  IS  casta  of  LLI'a 
chat  ware  pravlsualy  discussed  In  cha  llcaracura 
ware  ravlawad  co  dacarmlna  If  cha  coupling  concapc 
has  any  relevance  co  cha  large  number  of  LLJ's 
observed  In  tha  southern  Great  Plains.  Tha 
lltaracura  review  revealed  that  most  research 
efforts  have  emphasized  boundary  layer  processes 
and  Carrain  effaces  In  an  afforc  Co  explain  tha 
davalopmanc  of  cha  IXJ  and  lea  geographic  and 
temporal  prafarencas.  tha  review  also  raveslad  an 
almoat  total  lack  of  Information  concerning  tha 
uppar  tropoapharlc  conditions  for  chaaa  cases. 

In  12  out  of  cha  15  cases,  cha  synoptic 
pactam  was  charactarlxad  by  uppar  tropoapharlc 
jac  screaks  propagating  coward  cha  Great  Plaint 
from  the  Rocky  Mountain  area  with  the  surface 
pressure  gradients  Incraasad  by  laa  side  cyclo- 
ganaslt  or  laa  side  croughlng  (type  Ij.  In  chase 
cases  cha  ULJ's  wart  located  wlchln  Cha  axle  raglon 
of  Cha  uppar  level  jac  and  dlraccid  coward  cha 
cyclonic  alda.  In  cha  ochar  3 caaas.  the  uppar 
croposphera  over  cha  Great  "lalna  was  charactarlxad 
by  s significant  rldga  and  weak  upper  tropoapharlc 
flow  (type  2).  A more  decallad  review  of  cha 
Hoackar  (1963)  and  Bonner  (1963,  1966)  eases 
Indicate  chac  cha  nature  of  tha  UUJ  seems  dapen- 
danc  upon  cha  sagnlcuda  of  the  synoptic  scala 
forcing.  Tha  casas  of  wall  documancad  ULJ's 
charactarlxad  by  tha  classic  diurnal  oscillaclon 
wars  asfoclacad  with  cha  type  2 uppar  tropoapharlc 
pactarn  and  rela’lvaly  waak  surface  prsssura 
gradlancs.  Tha  casas  which  had  significant  upper 
level  jec  sersaks  propagating  coward  cha  Great 
Plains  and  laa  side  cycloganasls  had  'JiJ'a  which 
deviated  from  tha  classic  poccarn.  In  these  cases, 
cha  LLJ  was  wall  defined,  cohsranc  and  more  par- 
slscent  even  In  cha  afternoon  and  extended  obova 
tha  planetary  boundarv  la/ar.  However,  there  was 
still  a candancy  for  tha  maxirmio  winds  co  ba 
obssrved  In  tha  early  aornlng  suggesting  chat. 


F-tg.  J:  Sitii  cj  ci/c-dogeiici-u-i).vt-oig  (tep)  and 

iait  (faoCtjml  . Sot<.d  cttcicj  oi  iiidc- 

cafe  ci/c-tiPHW  oviginaud  iteif  oj  the  ccutc- 

ntiUaZ  divide  blit  <.«  (he  Colotadc 

ctjziogtnetic.  a,iea.  ''Ficm  Hovance  and  Hew,  (975). 

even  with  significant  synoptic  scala  forcing, 
boundary  layer  and  carrain  affects  can  atlll 
Increase  Cha  magnitude  of  cna  ULJ  in  this  raglon. 
Flnallv,  tha  review  of  Bonnet'r  case  (1963,  1966) 
Indicated  chat  the  evolution  of  C,.a  U.J  seams  to  ba 
coupled  co  the  propagaclon  of  an  uppar  tropospheric 
jat  screak  and  waakanlng  let  side  cyclona.  The  LL. 
war  locacad  wlchln  tha  exit  ragl<  n of  an  uppar 
laval  jec  acreak  at  two  succusslva  radiosonde 
observing  periods.  The  LLJ  also  seamed  co  respond 
to  en  avolvlnp  Surface  pressure  canoancy  field  In  a 
msunar  conslttant  with  mutual  mass-nomancum  adjusc- 
manc  concepts. 

It  1 suggested  chac  cha  subsynopclc 
forcing  asaocle  sd  with  cha  uppar  tropospheric  jac 
streak's  role  In  laa  side  cycloganasls,  as  discussed 
by  Mawcon  (1956)  and  Hovanac  and  Horn  (1975),  are 
ioporcanc  In  tha  forcing  of  cha  LLJ's  In  tha 
southern  Great  Plains.  Whlla  cha  Imporcanca  of 
boundary  layer  and  carrain  effaces  in  forcing  a 
diurnal  oscillation  of  the  LLJ  Is  avldanc,  ocher 
factors  besides  boundary  processes  should  also  be 
considered  to  explain  the  large  number  and  avoluclon 
of  Cha  LLJ'a  observed  In  the  southern  Great  Plains. 
One  factor  that  has  to  be  quescioned  Is  Chs  concspc 
that  tha  westward  axcanslon,  or  rttrogrsssion,  of 
the  North  Atlantic  subtropical  high,  eraacas  cha 
pressure  gradient  force  needed  for  the  da'  elopment 
of  the  LLJ-  At  least  for  chase  casas  of  LLJ's,  it 
appears  that  cha  high  prrssura  cell  located  In  tha 
southaasc  United  Scacas  Is  of  polar  origin  and  that 
cha  pressure  gradl  ;ncs  Increase  over  cha  Great  Plains 
In  responsa  to  a developing  low  pressure  syscam  to 
cha  was  of  cha  region.  Glvan  this  type  of  synoptic 
to  suosynopctc  scala  forcing  In  cha  Great  Plains 
region,  one  tin  . must  also  question  the  assumption 
of  Imposing  a conscaac  pressure  gradient  or  a 
periodic  variation  in  the  pressure  gradient  for 
studying  tha  total  avolutlun  of  LLJ's  in  cha  Great 


Plaint. 


Tht  quite  Iona  ralaad  by  thli  ttvlaw 
can  baaleally  ba  tuaBtrltad  by  ceitparlag  tha 
cllMColoileal  auaaarlaa  of  LLJ'i  by  lonnat 
(Fl|.  I)  and  laa  alda  cyelo|anatla  by  Hovanae  and 
Horn  iPt|.  8).  Tha  eotncldanea  of  aaxlBa  for 
both  phanoDana  iugiatet  a algnlf leant  corralatloa 
batuaan  tha  two.  Daeallad  atatlatleal  anal/aia 
balng  eonplatad  by  Horn,  Aehtor  and  Hovanac  (1979) 
and  additional  datallud  cata  ttudlaa  ara  naadad 
to  prova  that  thlt  corralaelon  la  tlgnlfleant  and 
that  tubaynopelc  teala  proeaitaa  aaaoelatad  with 
uppar  lival  jat  ttraaki  and  laa  alda  cycloganaala 
ara  Indaad  an  Important  forcing  Mchaolta  for  tha 
davalepatnt  of  LLJ't  In  tha  Craat  Plaint. 
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ABSTRACT 

Transverse  cttcuUnons  in  tirt  exit  and  entrance  regions  of  jet  streaks  are  investigated  through 
numerical  simulation,  a case  study,  and  an  application  of  the  isaOoharic  wind  equation  in  isentropic 
coordinates,  to  study  the  interacuon  between  upper  and  lower  tropospheric  jets  and  the  devehtpment 
of  severe  convective  storms-  A hybrid  isentropic-sigma  coordinate  numerical  model  is  used  to  simulate 
the  mass  and  momentum  adjustments  associated  with  a jet  streak  propagating  in  a zonal  channel.  The 
numerical  results  depict  a two-layer  mass  adjustment  in  the  exit  and  entrance  region  of  the  jet  streak. 

The  results  also  verify  that  the  isallobaric  wind  on  lower  isentropic  surfaces  is  a primary  com- 
ponent of  the  return  branches  of  transverse  circulations  and  is  foic^  by  the  two-layer  mass  adjust- 
ment accompanying  the  propagating  jet  streak.  Resulu  fiom  the  case  study  of  a severe  weather  out- 
break show  that  1)  a low-level  jet  (LU)  beneath  the  exit  region  of  an  upper  tropospheric  jet  streak 
is  embedded  in  the  lower  branch  of  an  indirect  circulatioo.  2)  intensification  of  the  lower  branch  and 
development  of  the  LU  is  largely  a result  of  an  increased  isallobaric  wind  component,  and  3)  the 
development  of  the  LU  is  coupled  to  the  upper  tropospheric  jet  streak  by  the  twe^yer  mass  a^ust- 
meot  within  the  exit  region  of  the  streak.  Ilte  isallobaric  wind  component  of  the  LLJ  is  the  primary 
reason  for  the  axis  of  the  LU  being  at  a significant  an^  to  the  upper  j«'s  axis  and  the  resulting  veering 
of  the  wind  with  height.  In  the  exit  region,  the  geometry  of  this  adjustment,  combined  with  warm, 
moist,  lower  tropospheric  air  to  the  right  and  ahead  of  the  jet  streak  and  cool,  dry  air  at  the  jet  streak 
levd.  produced  the  differential  advections  that  convectivcly  destabilized  the  atmosphere.  Results  of 
the  case  study  support  the  concept  that  the  development  of  conditions  &vorable  for  severe  con- 
vective storms  can  be  forced  by  mass  and  momentum  adjustments  which  accompany  the  propaga- 
tioo  of  an  upper  tropospheric  jet  streak. 


1.  lotroductioo 

The  concept  that  an  interaction  between  upper 
and  lower  trophospheric  jet  streaks  is  important  for 
the  development  of  organized  convective  storm  sys- 
tems was  implied  in  the  work  of  Fawbush  and  MiUer 
(1953,  1954),  They  noted  that  advection  of  cool,  ciry 
air  associated  with  strong  westerly  winds  in  the  mid- 
dle troposphere  and  the  rapid  noi^ward  movement 
of  a tongue  of  warm,  moist  air  in  the  low  troposphere 
create  favorable  conditions  for  deep  convection. 
They  also  emphasized  that  the  likelihood  of  convec- 
tion is  increased  with  strong  veering  of  winds,  so  that 
the  angle  between  the  mid-tropospheric  wind  and  the 
axis  of  the  moisture  tongue  is  large.  Petterssen  ( 1956) 
and  Newton  (1%7).  among  others,  related  veering  of 
winds  with  height  and  subsequent  differential  mois- 


' Presem  afliiation:  NASA/Goddard  Space  Flight  Center. 
Laboratory  for  Atmospheric  Sciences,  code  9U,  Greenbelt, 
MD  20771. 


ture  and  temperature  advections  to  the  intersection 
of  jet  axes  (Fig.  1)  and  the  development  of  convective 
instability.  The  greatest  convective  instability  devel- 
ops when  the  jet  axes  tend  to  be  orthogonal  and  the 
intensity  of  the  advections  is  maximized. 

The  roles  of  uopospheric  jet  streaks*  in  the  devel- 
opment of  severe  convective  storms  are  summarized 
by  Petterssen  (1956),  Reiter  (1963),  Ludlam  (1963), 
Newton  ( 1%3, 1%7),  Palmen  and  Newton  (1969)  and 
Danielsen  (1974).  In  these  models  the  primary  role  of 
the  upper  trophospheric  jet  streak  is  to  advect  cool, 
dry  air  within  the  upper  and  middle  troposphere,  to 
enhance  upper  level  divergence,  and  to  transport  the 
sensible  heat  downstream  from  the  convective  re- 
gion. The  low-level  jet  (LLJ)  rapidly  transports  heat 
and  moisture  toward  the  convective  region  (see  also 
Means,  1952.  1954;  Bonner.  1966).  The  combined 


’ Pxlm^n  and  Newton  (1%9.  p.  199)  define  jet  streaks  as  the 
regions  of  isotach  maxima. 
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Fio-  I.  Schematic  features  of  a severe  vreather  outttreak. 
Solid  lines  arc  sea  level  isobars:  dashed  lines  streamlines  of 
upper  tropospheric  flow  Shading  outlines  general  area  of  lo«v- 
kvel  moisture  tongue  and  region  of  potenual  instabilitv  (from 
Newton.  1967). 


role  of  the  upper  and  lower  irophospheric  jet  streaks 
is  to  create  a region  of  convective  instability  within 
which  the  severe  weather  ultimately  occurs.  Beebe 
and  Bates  ( 1935)  also  related  the  relative  orientation 
and  position  of  the  two  jets  to  a superposition  of 
divergent  and  convergent  fields  which  induces  me- 
chanical lifting  and  initiates  the  convective  storms. 
Reiter  (1963)  offered  additional  evidence  of  vorticity 
advection.  divergence  and  vertical  exchange  of  mo- 
mentum in  his  emphasis  that  jet  streaks  exert  a causal 
mechanism  in  the  production  of  severe  weather, 
while  Ludlam  (1963)  showed  that  the  mean  position 
of  the  jet  streak  is  closely  related  to  the  global  dis- 
tribution of  severe  convection. 

W.rh  the  analyses  of  upper  and  lower  tropospheric 
jet  streaks  normally  depicted  cn  pressure  surfaces, 
these  jets  are  normally  treated  as  separate  entities 
in  the  criteria  for  the  develoj,,nent  of  severe  convec- 
tive storms.  However,  with  jet  streaks  analyzed  on 
isentropic  surfaces,  the  two  apparently  distinct  jets 
appear  to  merge  in  some  cases  as  the  LLJ  extends 
toward  the  middle  troposphere  iReiter.  1969).  Reiter 
suggested  that,  in  some  cases,  low-level  jets  are  not 
separate  entities  but  appear  to  be  coupled  to  an  up- 
per tropospheric  jet  streak. 

The  purposes  of  this  study  are  to  determine  how 
upper  and  lower  tropospheric  jet  streaks  are  coupled 
and  to  discuss  the  role  of  this  coupling  in  the  devel- 
opment of  severe  convective  stor.ns.  In  Section  2. 
types  of  low-level  jet  streaks  which  rffect  the  North 
American  continent  are  discussed  and  the  type  of 
LU  selected  for  study  is  specified.  The  basis  for 
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coupling  lower  and  upper  tropospheric  jet  streaks 
that  stems  from  adjustment  concepts  is  presented  in 
Section  3.  A case  study  is  discussed  in  Section  4 
which  links  mass  and  momentum  adjustments  in  the 
exit  region  of  an  upper  tropospheric  jet  streak  to  the 
development  of  a LU  and  to  the  differential  tem- 
perature and  moisture  transports  that  create  favor- 
able conditions  for  severe  convective  storms.  A 
summary  of  the  results  and  suggestions  for  future 
research  is  presented  in  Section  S. 

2.  Low-level  Jet  streaks 

Bonner's  (1968)  climatological  summary  illus- 
trated the  large  number  of  lower  tropospheric  jet 
streaks  that  develop  in  the  Great  Plains  and  Midwest, 
with  the  maximum  number  of  LU's  occurring  from 
Texas  to  Nebraska  during  the  spring  and  summer 
months.  The  low-level  jets  in  the  southern  Great 
Plains  are  characterized  by  a diurnal  oscillation 
reaching  maximum  intensity  by  early  morning,  and 
are  associated  with  a noctum^  temperature  inver- 
sion (Blackadar.  1957;  Wexler.  1961;  Gerhardt.  1962. 
1963:  Hoecker.  1963;  Izumi  and  Barad.  1963:  Izumi. 
1964;  Bonner.  1968;  Lettau.  1967).  The  seasonal 
shift  of  the  subtropical  high,  sloped  terrain,  bound- 
ary-layer processes  and  the  diurnal  radiation  cycle 
have  ail  been  related  to  the  generation  of  the  low- 
level  jet  and  its  seasonal,  temporal  and  geographic 
preferences  (Blackadar.  1957;  Wexler,  1961;  Lettau, 
1967;  Paegle  and  Rasch.  1973). 

Reiter  (1969)  noted  that  lower  tropospheric  wind 
maxima  also  occur  in  the  Midwest  which  appear  to 
develop  in  response  to  synoptic  or  subsynopiic-scale 
forcing.  Hoecker  (1963)  and  Bonner  (19M)  presented 
examples  of  LU's  in  which  lee  side  troughing  or 
cyclogenesis  is  evident  just  east  of  the  Rocky  Moun- 
tains. These  LU's  developed  with  a minimal  diurnal 
oscillation  and  extended  above  the  planetary  bound- 
ary layer  to  the  830  mb  level.  For  similar  ca«es. 
Danielsen  ( 1974)  pointed  out  that  moisture-laden  low- 
level  wind  maxima  form  in  response  to  the  increasing 
pressure  gradients  associated  with  the  developing 
lee  side  cyclone.  Supporting  evidence  for  the  e:-ist- 
ence  of  low-level  jets  in  conjunction  with  cyclone 
evolution  is  presented  in  Browning  and  Harrold's 
(1970)  Doppler  radar  observations  of  a cold  front 
iravening  the  British  Isles.  They  determined  tnat 
prefrontal  horizontal  moisture  transport  is  confined 
to  the  lower  troposphere  and  is  predoninantly  re- 
lated to  the  lower  tropospheric  wind  maximum  lo- 
cated immediately  ahead  of  and  parallel  to  the  cold 
front.  This  study  is  focused  on  synoptic-scale  adjust- 
ments associated  with  the  LU  located  beneath  the 
exit  region  of  the  upper  tropospheric  jet  streak,  di- 
rected from  the  anticyclonic  (south)  toward  the 
cyclonic  (north)  side  (Fig.  1). 
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3.  Mms  and  oioncntiiin  a^iustnwBts  aaodatMl  with 
iutmntla 

The  mutual  mass  and  momentum  adjustments  as- 
sociated with  a jet  streak  and  the  response  of  the 
lower  tropospheric  winds  are  discussed  in  this  sec- 
tion. Since  the  LLI  located  beneath  the  exit  region 
ot  an  upper  tropospheric  jet  streak  in  severe  weather 
situations  is  directed  toward  the  cyclonic  side  of  the 
jet  (see  Fig.  1).  it  would  appear  to  be  embedded 
within  the  return  branch  of  the  indirect  circulation. 
Thus,  isolating  the  forcing  of  a return  branch  of  a 
transverse  circulation  throu^  mass  adjustment  as- 
sociated with  a propagating  wind  maximum  should 
provide  insight  into  the  coupling  of  upper  and  lower 
tropospheric  jets. 

Direct  and  indirect  transverse  circulations  exist  in 
entrance  and  exit  ^ons  of  propagating  jet  streaks 
(University  of  (Chicago,  1947;  Namias  and  Clapp. 
1949;  Bjerknes.  19S1;  Riehl  et  al.,  1952;  Murray  and 
Daniels.  1953;  Sawyer,  1956:  Newton.  1959;  Staley. 
1960;  Reiter.  1969;  Johnson.  1970;  Cahir.  1971;  Uc- 
cellini,  1976).  The  indirect  circulation  witto  the  exit 
region  consists  of  an  upper  tro^pherk  branch  di- 
rected toward  the  anticyclonic  side  of  a jet.  rising  and 
sinking  motion  on  the  cyclonic  and  antkycionic  sides, 
respectively,  and  a lower  tropospheric  return  branch 
dirked  toward  the  cyclonic  $i^.  The  direct  circu> 
(adon  in  the  entrance  region  is  completely  reversed 
from  the  sense  of  the  indirect  circulation. 

The  requirement  that  direct  and  indirect  circula- 
tions must  exist  for  unbalanced  currents  implicitly 
stems  ritMn  the  work  of  Rossby  (1938,  1949),  Cahn 
(1945)  and  Sawder  (1956).  In  a recent  study  of  trans- 
verse circulations  and  subsynoptic  precipitation 
bands.  C^ir  (1971)  simulated  direct  and  indirect 
circulations  using  a two-dimensional  primitive  equa- 
tion model  mapped  on  a vertical  plane  normal  to  a 
propagating  jet  streak  and  by  applying  the  model  to 
actual  case  studies.  An  example  from  Cahir's  nu- 
merical simulation  of  an  indirect  circulation  (Fig.  2) 
depicts  upper  and  lower  transverse  components  of 
5.8  and  4.7  m s'‘,  respectively,  and  vertical  motions 
>2.0  Jib  In  A Inter  experiment,  with  the  initial 
relative  humidities  increased  by  30%,  the  added 
latent  heat  release  nearly  doubled  the  magnitude  of 
the  upward  vertical  motion  on  the  cyclonic  side  of 
the  jm.  Cahir  applied  his  model  to  numerous  cases 
and  emphasized  that  subsynoptic-scale  precipitation 
bands  result  from  the  upward  vertical  branches  of 
both  direct  and  indirect  circulations  associated  with 
propagating  jet  streaks. 

Ihe  verification  of  the  transverse  circulation  from 
observational  evidence  is  compounded  by  three- 
dimensional  wave  structure  with  .'ts  nonlinear  ad vec- 
tion  associated  with  alongstream  variation  of  mo- 
mentum and  pressure  forces,  stratification  of  the 
atmosphere,  the  influence  of  terrain,  curvature  ef- 


fects, uid  interactimis  with  large-scale  waves  during 
cyclooe  development  and  long-wave  amplification 
(Newton,  1954;  Beebe  and  Bmes.  1955;  Shapiro, 
1975).  Some  three-dimensional  aspects  of  mutual 
mass  and  momentum  adjustments  and  coupling  be- 
tween the  upper  and  lowsr  troposphere  will  be  iden- 
tified in  this  paper  through  the  geostrophic  momen- 
tum approximadon  within  an  isentropic  framework. 


dt 


dv, 

• + U-V.U,  + 

«• 


d»  dU, 
dt  d$  ' 


0) 


where  U and  U,  are  the  horizontal  and  geostrophic 
winds,  respectively  (see  Eliassen,  1949,  1962;  Hos- 
kins, 1975).  With  the  relationship  between  hori- 
zonOkl  acceleration  and  ageostrophic  flow  (U.,)  ex- 
pressed by 

U*-L-U.-/-kx^,  (2) 


combined  with  the  assumption  of  adiabatic  flow  and 
neglect  of  (U-T«k)  x an  alternative  form  for  the 
ageostrophic  velocity  is 

U*  -/“[k  X X U.)]  . 0) 

A ~B 


Term  A represents  the  isallobaric  wind  (Brunt  and 
Dou^as.  1^8),  while  term  B accounts  for  advective, 
inertial  processes.  A quasi-geostrt^hic  form  of  (3)  is 


Fio.  3.  Indirect  drculMioa  simulaied  by  PE  model  mapped 
on  crou  lection  Uuoiiea  exit  r»”on  of  a jet  streak.  SUid 
isopietiM  are  verticai  mooon  (>>b  s*‘)  with  upward  motion 
stippled;  arrows  with  centered  masnitudes  indicate  horixootai 
transverse  components  (m  s ■)  (from  Cahir,  197  n. 
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given  by  substituting  U«  tor  the  advecting  velocity 
U.  However,  including  the  ageostrophic  component 
in  term  B yields  significant  differences  in  the  quanti- 
tative assessment  of  advective  processes  in  the  re- 
gions of  strong  gradients  near  fronts  and  jet  streaks 
(Hoskins,  1973).  Note  also  that  with  the  use  of  the 
adiabatic  constraint  within  the  isentropic  frame- 
work. the  link  between  the  ageostrophic  motion  and 
inertial  processes  is  solely  by  the  quasi-horizontal 
advection.  If  the  expansion  of  the  total  derivative 
were  made  in  Cartesian  or  isobaric  coordinates . term 
B would  include  a mode  for  upper  and  lower  tropo- 
spheric interaction  through  vertical  advection. 

Using  isentropic  coordinates,  an  explicit  isallo- 
baric  nnode  (term  A)  may  be  isolated  to  identify 
the  interaction  between  the  upper  and  lower  tropo- 
sphere through  mass  and  momentum  adjustments. 
Substituting  the  hydrostatic  geostrophic  relation 

U,  -/-k  X (4) 

in  (3),  the  isallobaric  component  of  the  ageostrophic 
wind  is 

dtb 

(5) 

or* 

where  >1/  is  the  Montgomery  streamfunction.  Inte- 
gration of  the  hydrosutic  equation  from  the  earth's 
surface  to  an  intermediate  isentropic  surface 
yields 

<I>L  ■ <kt  I 


where  p is  pressure,  poo  ” 1000  mb,  and  k is  the 
ratio  of  the  gas  constant  R for  dry  air  to  the  spe- 
cific heat  of  constant  pressure  c,.  By  Leibniz's  rule, 
the  local  derivative  of  (6)  is 


d^i 


d'hi 

dt, 


* de, 

*7 


(7) 


With  Poisson's  equation  and  the  definition  of  il»,  the 
time  derivative  of  the  surface  value  of  the  Mont- 
gomery streamfunction  is 

- C ( — + — -I  — (8) 

dtf  I Poo  Poo  I Poo  ' 

Substitution  of  (8)  into  (7)  and  a rearrangement  of 
terms  yields 

Lp.  J,,  ' Pm  P dr,  J 

With  this  result  and  (5),  the  isallobaric  component 
of  the  ageostrophic  wind  (U„,)  on  is 


The  form  of  (10)  reveals  that  the  isallobaric  wind 
in  isentropic  coordinates  is  determined  by  the  gradi- 
ents of  the  surface  pressure  tendency  and  the  inte- 
grated pressure  tendency  between  the  earth’s  surftce 
and  Ol-  In  a hydrostatic  atmosphere,  the  tendency 
of  the  vertically  integrated  mass  distribution  deter- 
mines the  first  term,  while  the  second  term  is  related 
to  internal  mass  redistribution.  Note  that  the  isal- 
lobaric wind  component  may  exist  on  an  isentropic 
surface  even  if  the  surface  pressure  tendency  is  zero. 

The  relationship  between  the  pressure  tendencies 
and  Um,  expressed  in  (10)  couples  tropospheric  mass 
adjustment  to  the  isallobaric  wind  on  9^.  The  verti- 
cal integration  of  the  mass  continuity  equation  be- 
tween arbitrary  lower  and  upper  isentropic  surfaces 
(9i  and  9,)  yields 


With  the  substitution  of  (1 1)  into  (10),  the  isallobaric 
ageostrophic  component  on  0i  can  be  linked  to  hori- 
zontal mass  divergence  and  diabatic  processes. 


a.  Mass  adjustments  associated  with  a propagating 
Jet  streak 

The  results  from  a hybrid  isentropic  and  sigma 
coordinate  numerical  model  are  used  to  illustrate 
mass-momentum  adjustments  associated  with  the  jet 
streak’s  propagation  in  a zonal  channel.  Following 
is  a brief  summary  of  the  hybrid  model  described  in 
detail  by  Uccellini  et  al.  (1979).  The  hybrid  model 
combines  an  isentropic  representation  of  the  free 
atmosphere  with  a sigma  coordinate  representation 
of  the  bottom  200  mb  of  the  troposphere.  The  bound- 
ary conditions  at  the  interface  separating  the  model 
domains  are  matched  exactly  through  use  of  the  flux 
form  of  the  governing  equations  for  *'’il|  interaction 
between  the  model  domains  without  introducing 
spurious  sources  of  mass,  momentum  and  energy. 
A stag^red  vertical  grid  is  used  to  maintain  a smooth 
transition  of  the  mass  and  wind  fields  without  need 
for  anifleiai  adjustments.  The  longitudinal  boundary 
conditions  are  cyclic  while  impervious,  free-slip 
conditions  are  imposed  on  the  latitudinal  boundaries. 
The  initial  mass  field  is  specified  by  a set  of  analytic 
functions  which  define  the  surface  temperature  gra- 
dient and  the  venical  lapse  rates  throughout  the 
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entrance  and  exit  regions  of  the  jet  streak  (Fig.  3).  In 
the  cyclonic  exit  and  anticyclonic  entrance  quad- 
rants, the  upper  tropospheric  mass  divergence  is 
con  elemented  by  lower  tropospheric  mass  conver- 
gence; with  the  level  of  nondivergence  located  near 
310  K.  A reverse  pattern  exists  in  the  anticyclonic 
exit  and  cyclonic  entrance  regions.  The  four-cell, 
two-layer  pattern  is  consistent  with  Bjerknes’  (1951) 
and  Riehl  et  al.  (1952)  concepts  of  adjustments  as- 
sociated with  a jet  streak. 

Some  indication  of  the  relative  importance  of  geo- 
strophic  versus  ageostrophic  motion  at  this  scale  may 
be  determined  by  partitioning  the  mass  flux  diver- 


N 
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entire  model  domain.  The  initial  wind  field  is  specified 
through  the  geostrophic  relationship. 

Areal  average  mass  flux  divergence  was  calcu- 
lated for  a 4Ax  by  3Ay  rectangle  (Ajc  - Ay  ■ 2.75 
X 10*  m)  in  each  of  the  four  quadrimts  surrounding 
the  jet  streak  16  h into  the  model  simulation.  The 
averages  were  computed  for  the  eight  layers  between 
290  and  350  K with  Ad  equal  to  10  K. 

With  adiabatic  conditions,  the  mass  flux  diver- 
gence is  related  solely  to  the  horizontal  mass  flux 
divergence  term  in  (1 1).  The  vertical  distribution  of 
(he  averaged  total  mass  flux  divergence  (solid  pro- 
file) illustrates  a two-layer  mass  adjustment  in  the 


s 


Fig.  3.  .Modeled  vertical  profllei  for  (be  avcraied  ma»s  flux  diverfence  i x |0‘  g m*'  s'‘)  [loial  (solid),  ageostrophic 
(daihed),  geostrophic  (dot-dashed))  in  four  quadrants  surroundinf  jet  streak. 
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gence  into  a geostrophic  and  ageostrophic  mode, 
where 

V,  (p7U)  - V,  (p7U,)  + V,  (p/U„).  (12) 

where  pJ  (density;  Jacobian  of  transformation) 
is  equal  to  -(Mg)dpldd.  The  relative  amplitude 
of  the  geostrophic  (dot-dashed  profile)  versus  the 
ageostrophic  mode  (dashed  profile)  shows  that  the 
ageostrophic  mode  of  the  mass  flux  divergence 
dominates  at  this  scale  of  the  mass  adjustment 
(Fig.  3). 


b.  The  upper  tropospheric  transverse  component 

An  analysis  of  the  components  of  the  ageostrophic 
mass  flux  divergence  (not  shown)  reveals  that  the 
crois-stream  component  d(pJvaa)/dy  generally  dom- 
inates in  the  lower  troposphere.  In  the  upper  tropo- 
sphere, the  cross-stream  and  alongstream  ageo- 
strophic components  are  of  equal  magnitude  and 
of  the  same  sign.  Bjerknes  (1951)  emphasized  the 
need  for  upper  tropospheric  ageostrophic  compo- 
nents to  provide  for  the  cross-stream  mass  transport 
in  the  exit  and  entrance  regions  of  the  jet  streak.  In 
the  exit  region,  the  upper  tropospheric,  ageostrophic 
wind  transports  mass  from  the  cyclonic  toward  the 
anticyclonic  side  of  the  jet.  In  the  entrance  region, 
the  upper  tropospheric  ageostrophic  wind  transports 
mass  from  the  anticyclonic  toward  the  cyclonic  side 
of  the  jet.  .At  the  level  of  the  jet  streak,  where  the 
horizontal  variations  of  the  pressure  gradient  force 
and  wind  are  maximized,  the  advective  inertial  term 
in  (3)  tends  to  be  larger  than  and  offsets  the  isallobaric 
term  in  the  forcing  of  a transverse  ageostrophic  com- 


ponent (Bjerknes,  1951).  Fig.  4 illustrates  the  340  K 
ageostrophic  wind  component  defined  by  the  inertial 
advective  term.  In  the  entrance  region,  the  increase 
of  the  geostrophic  wind  along  the  direction  of  the 
streak  yields  a maximum  ageostrophic  transverse 
wind  component  of  4.5  m s‘‘  directed  toward  the 
cyclonic  side.  In  the  exit  region,  the  decrease  in  the 
geostrophic  wind  along  the  axis  of  the  jet  yields  a 
maximum  ageostrophic  transverse  wind  component 
of  8.5  m s~'  directed  toward  the  anticyclonic  side. 
This  basic  pattern  propagates  with  the  jet  streak  and 
remains  quasi-steady. 

C.  The  lower  tropospheric  return  branch  viewed  as 
an  isallobaric  wind  component 

The  opposite  pattern  of  the  areal  average  mass 
flux  divergence  below  the  310  K level  in  each  quad- 
rant (Fig.  3)  is  an  indication  of  the  reversal  of  the 
lower  tropospheric  branches  of  the  direct  and  in- 
direct circulations  from  the  upper  branches  illus- 
trated in  Fig.  4.  In  the  lower  troposphere,  where 
advective  velocities  are  small  and  inertia  wind  com- 
ponents are  strongly  damped  by  friction,  the  isal- 
lobaric wind  modified  by  friction  becomes  a more 
important  factor  for  low-level  parcel  accelerations 
and  resultant  ageostrophic  flow  (Hess.  1959:  Young, 
1973;.  In  comparing  the  two  contributing  terms  to 
Ua,  in  (3).  the  isallobaric  wind  (term  .A)  is  the  domi- 
nant factor  of  the  lower  tropospheric  transverse 
ageostrophic  wind  component  for  this  model  simula- 
tion. The  largest,  lower  tropospheric  isallobaric 
wind  components  are  perpendicular  to  the  a.xis  of  the 
jet  streak  and  are  opposite  in  direction  to  the  inertial 
advective  component  of  the  upper  branches  (Fig.  5). 


Fig.  4.  .Model  simulaied  ageostropluc  component  related  to  the  menial- 
advecuve  term  [term  B.  Eq.  (3i)  on  the  340  K lurface.  Streamlne  analysis 
(solid  lines)  is  shown  for  the  model  domain  up  to  the  hrst  intenor  row  of  gnd 
points  along  the  north  and  south  boundaries:  magnitudes  im  s~')  are  shown  as 
dashed  lines.  Shaded  region  represents  jet  streak  (u  component  >40  ms'') 
The  marks  along  the  border  represent  173  km  gnd  spacing. 
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Fic.  i.  (Above)  The  surface  pressure  cendency  and  iniegraied  pressure  tendency  contributions 
to  the  ^ tendency  from  (9)  evaluated  on  300  K (x  10"’  m*  s'*).  (Below)  Streamline  analysis  is  shown 
for  isallobaric  wind  with  magnitudes  (m  s*')  as  dashed  line.  See  capuon  in  Fig.  4 for  additional 
details. 


Maximum  values  of  1.5  m s~'  are  located  immedi* 
acely  ahead  of  and  behind  the  streak.  This  basic  pat> 
tern  of  the  isallobaric  wind  components  propagates 
with  the  jet  streak  and  also  remains  quasi-steady  at 
subsequent  times. 

Fig.  5 also  illustrates  the  relation  of  the  isallobaric 
vyind  to  mass  adjustments  within  the  exit  and  entrance 
regions  of  the  upper  tropospheric  jet  streak.  The  sur- 
face and  integrated  pressure  tendency  terms  in  (9) 
were  evaluated  with  $(,  equal  to  300  K to  determine 
the  forcing  of  the  isallobaric  component  within  the 
return  branches.  Both  terms  display  the  basic  four- 
cell pattern,  with  the  surface  pressure  tendency  term 
noticeably  larger  in  these  adiabatic  experiments.  In 
the  cyclonic  exit  and  anticyclonic  entrance  regions, 
pressure  tendencies  are  negative  while  positive  ten- 
dencies exist  in  the  anticyclonic  exit  and  cyclonic 
entrance  regions.  As  specified  by  (10),  the  patterns 
of  both  pressure  tendencies  act  to  force  the  isallobaric 
wind  directed  toward  the  cyclonic  and  anticyclonic 
sides  of  the  jet  s'reak  beneath  the  exit  and  entrance 
regions.  These  ageostrophic.  isallobaric  vrind  compo- 
nents represent  lower  tropospheric  return  branches 
of  direct  and  indirect  circulations. 

d.  Coupling  the  transverse  branches  to  tropospheric 
mass  adjustment 

The  principal  components  of  the  upper  and  lower 
troposphenc  branches  of  the  direct  and  indirect  cir- 


culation are  summarized  in  Fig.  6.  In  the  entrance  re- 
gion of  the  upper  tropospheric  jet,  cenfluent  stream- 
lines and  downwind  increase  of  the  geostrophic  wind 
are  linked  with  the  inertial  advective  process  and 
are  associated  with  a transverse  ageostrophic  com- 
ponent directed  toward  the  cyclonic  side  of  the  jet 
streak  (Fig.  6A).  In  the  exit  region,  diffluent  stream- 
lines and  a downwind  decrease  of  the  geostrophic 
wind  are  associated  with  an  ageostrophic  component 
directed  towards  the  anticyclonic  side.  The  upper 
tropospheric,  cross-stream  mass  transports  that  are 
a result  of  the  transverse  components  act  to  force  the 
lower  tropospheric  isallobaric  winds  which  represent 
the  lower  branches  of  the  transverse  circulations. 
Beneath  the  entrance  region  of  the  upper  tropospheric 
jet  streak,  the  upper  tropospheric  mass  transpon 
reduces  the  slope  of  the  lower  tropospheric  isentropic 
surface  (as  p increases  to  the  left  and  decreases  to 
the  right),  decreases  the  i/i  gradient,  and  yields  an 
ageostrophic  component  on  directed  to  the  right  of 
the  current  (Fig.  6B).  Beneath  the  exit  region,  the 
upper  tropospheric  mass  transport  increases  the  slope 
of  the  isentropic  surface  and  the  \t>  gradient  to  yield 
an  ageostrophic  component  on  Si,  directed  to  the  left 
of  the  current  (Fig.  6C).  These  ageostrophic  com- 
ponents in  the  upper  and  lower  troposphere  repre- 
sent the  transverse  components  of  the  direct  and 
indirect  circulations,  while  the  total  wind  component 
(U  in  Fig.  6)  represents  the  total  upper  and  lower 
tropospheric  branches  of  the  circulations. 
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Flo  6 (A)  Schemaiic  of  iransveri*  component  u„)  forced  by  along-itream  vanaiions  of  pressure  gradient  force  at  jet  streak 
level.  tB).  (C)  IsaJIcbanc  wmd  (i„)  on  lower  troposphenc  isentropic  surface  beneath  the  entrance  (B)  and  exit  iCl  regions 
of  the  jet  streak.  Geostrophic  wind  is  V„  total  wind  is  C.  pressure  is  p and  the  aiongstream  coordinate  is  s 


The  schematic  in  Fig.  7 depicts  a cross-sectional 
view  of  the  lower  tropospheric  isallobaric  wind  forced 
by  adiabatic  mass  adjustments  in  the  exit  region  of  a 
jet  streak.  As  a jet  streak  (J)  propagates  toward  the 
vertical  cross  section  in  Fig.  lA,  the  upper  tropo- 
spheric ageostrophic  component  transports  mass  to- 
ward the  amicyclonic  side  of  the  jet.  The  mass  flux 
convergence  on  the  anticyclonic  side  and  divergence 
on  the  cyclonic  side  above  6l  increases  the  pressure 
on  and  beneath  to  tne  right  of  the  jet,  and  decreases 
the  pressure  to  the  left  of  the  jet.  By  i9i  the  mass  ad- 
justment within  the  upper  branches  above  in- 
creases the  magnitude  of  the  pressure  gradient  force 
on  and  beneath  and  by  tlO)  concurrently  forces 
development  of  an  isallobaric  wind  that  represents  a 
return  branch  of  the  indirect  circulation  (Fig.  "B). 
With  the  concurrent  development  of  the  return  branch. 


mass  is  transported  toward  the  cyclonic  side  of  the 
jet  below  9^.  This  response  represents  a mutual  mass- 
momentum  adjustment  and  is  an  integral  part  of  the 
sinking  and  lifting  of  isentropic  surfaces  beneath 
9l  to  higher  and  lower  pressures  on  the  anticyclonic 
and  cyclonic  sides  of  the  jet,  respectively.  The  two- 
layer  adjustment  depicted  in  Fig.  7 stems  from 
Rossby’s  adjustment  concepts  for  a stratified  fluid 
iRossby.  1938,  1949;  University  of  Chicago.  1947). 

,A  schematic  of  the  influence  of  cross-stream  vana- 
tion  of  diabatic  mass  transport  m increasing  the  mag- 
nitude of  the  pressure  gradient  on  9i_  is  depicted  in 
Figs  7C  and  7D  .An  increase  in  the  isallobanc  wind 
on  will  occur  with  either  diabatic  heating  to  the 
nghi  or  diabatic  cooling  to  the  left.  The  heating  verti- 
cally transports  mass  from  below  to  above  9i,  while 
cooling  transports  mass  from  above  9.  to  below  9^ 
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Fic.  7.  (A).  (B)  Vertical  cross  section  normal  to  axis  of  'et  (J)  showing  adiabatic  mass  transports 
in  exit  region  of  approac'iing  jet  streak  and  resultant  tsailobanc  wind  (heavy  arrow  m B)  (C).  tO)  Oiabaiic 
mass  transports  contributing  to  isallobaric  wind  (heavy  arrow  in  D) 


(Fig.  1C).  Since  diabatic  mass  transports  are  verti- 
cal, the  surface  pressure  tendencies  are  not  directly 
affected  by  the  first  term  in  (9)  which  reduces  to  zero. 
However,  with  the  assumed  diabatic  mass  transports 
depicted  ;n  Fig.  1C  the  vertically  integrated  pressure 
tendency  term  in  (9)  becomes  positive  to  the  right 
and  negative  to  the  left  for  isentropic  surfaces  below 
&i.  As  a consequence,  the  intensification  of  the  pres- 
sure gradient  force  generates  a diabatic  component 
of  the  isallobanc  wind  along  9i.,  directed  toward  the 
left  (Fig.  7D).  It  is  likely  that  the  release  of  latent 
energy  may  at  times  force  such  a component  if  the 
cumulus  convection  develops  in  warm  moist  regions 
to  the  right  of  the  jet  streak.  The  diabatic  mass  trans- 
port related  to  sensible  heat  flux  could  also  be  impor- 
tant as  approaches  the  planetary  boundary  layer 
to  the  right  of  the  jet.  If  the  diabatic  heating  is  maxi- 
mized to  the  left  of  the  jet,  as  is  implied  by  Fig.  I,  the 
magnitude  of  the  isallobanc  component  would  be  re- 
duced. Since  the  preliminary  model  experiments 
were  for  a Jry  atmosphere,  these  effects  could  not  be 
evaluated  to  determine  their  relative  importance. 

4.  Case  study;  10-11  May  1973 

Evidence  of  coupling  between  upper  and  lower 
troposphenc  jet  streaks  by  mutual  mass-momentum 


adjustments  and  the  subsequent  generation  of  con- 
vective instability  is  now  presented  from  a case 
study.  The  severe  weather  outbreak  over  Indiana 
and  Ohio  on  10- 1 1 May  1973  was  selected  for  study 
since  the  lack  of  cyclogenesis  in  this  case  allows  for 
the  isolation  of  mass  adjustments  and  the  response 
of  the  lower  tropospheric  wind  forced  primarily  by  a 
jet  streak. 

The  synoptic  conditions  preceding  the  develop- 
ment of  the  severe  convective  storms  are  desenbed 
in  this  section.  The  propagation  of  an  upper  tropo- 
spheric jet  streak  and  two-layered  mass  adjustment 
are  studied  to  establish  the  forcing  of  the  low  er  tropo- 
spheric isallobanc  wind  nr  the  300  K surface.  \ 
diagnostic  trajectory  analysis  is  then  applied  to  link 
the  isallobanc  wind  and  the  development  of  a low- 
level  jet  on  the  300  K surface.  Finally,  the  develop- 
ment of  the  LLJ  and  its  interaction  with  the  upper 
tropospheric  jet  streak  are  related  to  the  development 
of  the  convective  storm  system  m eastern  Indiana 
and  Ohio. 

a.  Surface  and  radar  analyses 

On  the  .Tioming  (1200  GMT)  of  10  May  1973,  a dif- 
fuse low-pressure  system  was  located  in  the  Great 
Lakes  and  Hudson  Bay  regions  with  a weak  cold 
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front  extending  from  east  of  Lake  Huron  southwest- 
ward  through  southern  Illinois  and  Missouri  where  a 
stationary  front  connected  to  a weak  low  in  Kansas 
(Fig.  8).  At  18(X)  GMT  10  May,  the  low  in  the  Great 
Lakes  region  remained  diffuse  but  the  characteris- 
tics of  the  frontal  zone  changed.  The  portion  of  the 
front  from  north  of  Lake  Erie  to  central  Indiana 
moved  northward  and  was  analyzed  as  a warm  front. 
The  frontal  zone  from  Illinois  to  Kansas  propagated 
slowly  southward.  By  0000  GMT  1 1 May  the  frontal 
zone  in  Ohio  ceased  moving  northward  and  assumed 
the  characteristics  of  a cold  front  accelerating  to  the 
east,  with  severe  we?:her  located  ahead  of  the  front 
in  Ohio. 

The  convective  storms  began  developing  in  eastern 
Indiana  and  northwest  Ohio  ahead  of  the  front  by 
1740  GMT  and  rapidly  evolved  into  several  squall 
lines  which  propagated  eastward  during  the  after- 
noon (Fig.  9).  A separate  squall  line  developed  in 
southern  Illinois-— southeast  Missouri  and  propa- 


gated to  the  Kentucky — Tennessee  border  by  2340 
GMT  in  association  with  the  front  extending  into 
Missouri.  The  storms  in  Indiana  and  Ohio  were  re- 
sponsible for  9 confirmed  tornados  and  15  funnel 
cloud  reports,  while  the  southern  system  produced 
5 confirmed  tornados  and  6 funnel  clouds. 

b.  Upper  air  analyses 

The  upper  air  analyses  in  this  study  are  subjec- 
tive. The  isentropic  and  pressure  surface  analyses 
are  cross  checked  with  15  vertical  cross  sections  to 
incorporate  the  detailed  vertical  resolution  of  in- 
dividual rawinsonde  ascents  into  the  wind,  pressure 
and  moisture  analysr  on  isentropic  surfaces  and 
wind,  temperature  and  moisture  analyses  on  pres- 
sure surfaces  (see  Shapiro,  1970;  Fig.  2).  The  cross- 
check technique  also  insures  consistency  between 
analyses  on  pressure  and  isentropic  surfaces  for 
each  time  period. 
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At  1200GMT 10  May,  three  jet  streaks  on  the  330  K 
surface  (Fig.  lOA)  were  embedded  within  a general 
westerly  flow  stretching  from  the  West  Coast  to  the 
Great  L^es  region.  Of  primary  interest  is  the  upper 
tropospheric  jet  streak  with  a maximum  wind  speed 
slightly  over  60  m s~‘  extending  from  Nebraska  to 
Iowa.  The  isotach  analysis  on  the  300  K surface 


(Fig.  lOB)  illustrates  general  westerly  flow  with  no 
evidence  of  a L.LJ  perpendicular  to  the  axis  of  the 
upper  tropospheric  jets  at  this  time.  The  850  mb  iso- 
tach analysis  for  1200  GMT  10  May  (not  shown)  did 
indicate  that  relatively  weak,  south  to  southwest 
winds  on  the  order  of  3 m $"'  existed  over  west  cen- 
tral Illinois.  An  extensive  band  of  moisture  with  mix 


Fio.  lO.  Iseatropic  inalytM  for  1200  GMT  10  May  and  0000  GMT  11  May  197}.  lA).  iD)  }}0  K laouch 
and  *■.  (B).  ^E)  KX)  K laotach  and  *,  with  i<'»acha  idaahtd.  m s")  and  ib  (solid.  27}  > 3 27}  x 10*  m*  s'*V. 
(O.  300  K prataur*  (solid,  mb)  and  moti . ;ii  'daabad.  $ 
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ing  ratios  exceeding  6 g kg~‘  extended  northward 
from  the  Gulf  of  Mexico  into  the  Central  Plains  and 
then  eastward  into  southwestern  Pennsylvania  (Fig. 
IOC).  The  moisture  tongue  from  southern  Illinois  to 
Pennsylvania  was  parallel  to  the  isobars  (a  measure 
of  the  slope  of  the  3(X)  K surface)  and  generally  re> 
mained  below  the  800  mb  level. 

By  0000  GMT  1 1 May,  the  jet  streak  over  the  Cen- 
tral Plains  intensified  slightly  and  propagated  east- 
ward, extending  from  eastern  Iowa  to  northwest  Ohio 
(Fig.  lOD).  At  the  same  time  a low-level  jet  with 
southwesterly  winds  >20  m s~'  existed  on  the  300  K 
surface  and  extended  from  the  950  mb  level  in  north- 
ern Kentucky  to  700  mb  in  western  Pennsylvania 
(Fig.  lOE).  The  moisture  tongue  sharpened  consider- 
ably by  0000  GMT,  stretched  from  Kentucky  to  Ohio 
coincident  with  the  axis  of  the  LLJ,  and  was  directed 
up  the  isentropic  surface  to  the  700  mb  level  in  north- 
east Ohio  (Fig.  lOF).  Another  wind  maximum  >30  m 
s~',  as  supported  by  information  gained  by  cross- 
section  analysis,  is  also  evident  on  the  300  K surface 
in  northern  Illinois  (Fig.  lOE)  and  apparently  repre- 
sents the  downward  extension  of  the  upper  trcpo- 
spheric  jet  streak  analyzed  on  the  330  K surface. 
This  wind  nuximum  was  characterized  by  a gener- 
ally westerly  flow  nearly  parallel  to  the  contours 
and  to  the  650  mb  isobar.  The  westerly  wind  maxi- 
mum was  therefore  significantly  different  from  the 
ageostrophic  LLJ  which  accelerated  toward  the 
lower  values  and  ascended  the  300  K isentropic 
surface  over  Ohio. 

By  1200  GMT  11  May,  the  upper  tropospheric  jet 
streak,  which  propagated  eastwaid  to  Pennsylvania, 
was  orientated  mere  from  the  southwest  to  the  north- 
east. had  weakened  to  45  m s~‘  and  was  generally 
not  well  defined.  On  the  300  K surface,  both  the 
lower  tropospheric  wind  maximum  and  moisture 


tongue  broadened  considerably,  lessened  .leir  in- 
tensity, and  shifted  east  and  south  from  the  0000 
GMT  positions. 

c.  The  lower  tropospheric  wind  maximum  at  0000 
GMT  11  May 

The  development  of  the  LLJ  extr  i iing  from  Ken- 
tucky to  Ohio  at  0000  GMT  1 1 May  is  the  most  im- 
portant feature  of  this  case  study.  Its  relative  position 
on  the  850  mb  surface  (Fig.  IIB)  within  the  exit  re- 
gion of  the  upper  tropospheric  jet  streak  at  the  300 
mb  level  (Fig.  1 1 A)  is  nearly  identical  to  Newton'* 
schematic  (Fig.  1).  While  the  analysis  on  the  850  mb 
pressure  sur&ce  clearly  illustrates  the  LLJ,  the  300  K 
isentropic  analysis  (Fig.  ICE)  better  depicts  the  ver- 
tical extent  of  the  LLJ  and  suggests  a direct  inter- 
action with  the  upper  tropospheric  jet  streak  analyzed 
or.  the  330  K surface.  Tlie  LLJ  was  directed  up  the 
300  K isentropic  surface,  extending  from  the  950  mb 
level  in  Kentucky  to  750  mb  in  Pennsylvania.  The 
LLJ  axis  was  at  a noticeable  angle  to  the  contours 
over  Ohio  and  at  nearly  a 30*  an^e  to  the  height  con- 
toun  on  the  850  mb  surface  (Fig.  IIB),  indicating 
that  the  wind  maximum  was  significantly  ageo- 
strophic and  accelerating.  With  the  lower  tropo- 
spheric wind  maximum  directed  up  the  sloped  isen- 
trophic  surfaces  and  toward  the  cyclonic  side  of  the 
upper  tropospheric  jet  streak,  it  appears  that  the 
LLJ  was  embedded  within  the  return  branch  of  the 
indirect  circulation.  It  must  be  emphasized  that  this 
lower  tropospheric  jet  sti  cak  has  different  charac- 
teristics fimm  the  low-level  jets  common  to  the  south- 
'ern  Great  Plains  during  the  spring  and  summer 
months  (Section  2).  The  LU  in  this  case  was  maxi- 
mized in  the  late  afternoon  and  extended  up  toward 
the  700  mb  level,  unlike  the  nocturnal  jets  which  at- 


Fic.  II.  PrM(ur«  tur^i  uialym  for  0000  GMT  II  May  I9T3.  (A)  300  mb  itotach  idaabad.  m s")  and  laopMtniit.  h«|bi  (solid. 
924  ■ 9240  m).  (B)  SSO  mb  isouchs  and  gaepotantiaJ  h«|h(  (solid.  |44  ■ |440  m). 
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tain  maximum  intensity  in  the  early  morning  and  are 
usually  restricted  to  the  planetary  boundary  layer. 
The  remainder  of  this  case  study  is  concerned  with 
isolating  the  two-layer  mass  adjustment  associated 
with  the  forcing  of  the  return  branch  and  studying  the 
processes  responsible  for  the  formation  of  the  LLJ. 

d.  Analysis  of  the  two-layer  mass  adjustment 

The  mass  adjustments  associated  with  the  jet  streak 
propagating  into  Ohio  at  0000  GMT  1 1 May  are  iso- 
lated by  calculating  the  tendencies  of  the  hydrostatic 
pressure  difference  between  isentropic  surfaces 
(dp)  using  an  overlapping  polynomial  technique 
developed  by  Whittaker  and  Petersen  (1977)  and  dis- 
cussed in  the  Appendix.  Fig.  12  illustrates  the  Ap 
tendencies  within  two  layers.  340  to  300  K and  300  K 
to  the  earth's  surface,  during  the  12  h period  (1200 
GMT  10  May-0000  GMT  11  May).  The  pattern  of 
the  tendencies  for  the  upper  and  lower  layers  is  very 
similar  to  fields  predicted  for  the  jet  streak  by  the 
hybrid  model  (Section  31.  Within  the  exit  region, 
upper  tropospheric  mass  convergence  and  diver- 
gence occur  on  the  anticyclonic  and  cyclonic  sides 


FiC.  12.  Mu»  lemlcncies  i * 10"'  ( w'  f)  for  (At  3^0  to 
300  K layer  and  iB)  from  earth'i  surface  to  300  K for  penod 
between  1200  GMT  10  May  and  OOOO  GMT  1 1 May.  LigTii 
tliaded  region  repreaents  jei  streak  on  330  K isotactis  greater 
than  30  mr':  dark  shaded  region,  isotachs  greater  than  AQ 
mi-'aiOOOOCMT  II  .May  1973. 


yielding  the  positive  and  negative  tendencies,  re- 
spectively. The  pattern  is  reversed  in  the  lower  layer. 
Although  the  mass  transports  were  not  explicitly  cal- 
culated for  the  diagnostic  case  study,  the  two-layer 
pattern  revealed  in  Fig.  12  is  apparently  a result  of 
the  mass  transports  associated  with  the  tnnsverse 
circulations  in  the  exit  and  entrance  regions  as  simu- 
lated by  the  hybrid  model  (Section  3). 

Supporting  evidence  of  the  f wo-iayer  mass  adjust- 
ment ahead  of  the  propagating  upper  tropospheric  jet 
is  illustrated  in  the  vertical  cross  sections  from  Sault 
Ste.  Marie,  lichigan  (SSM)  through  Ohio  to  Athens, 
Georgia  (AhN)  (Fig.  13).  At  1200  GMT  10  May,  the 
mass  distribution  measured  by  Ap  between  the  305 
and  325  K isentropic  surfaces  is  reiauvely  uniform 
along  the  entire  cross  section.  The  jet  core  located 
at  the  250  mb  level  between  Flint.  Michigan  (FNT), 
and  Dayton,  Ohio  (DAY),  is  identified  with  the  north- 
eastward propagating  jet  streak  centered  over  south- 
east Michigan  (Fig.  lOA).  By  OOOO  GMT  1 1 May,  the 
jet  streak  originally  located  over  Nebraska  propa- 
gated eastward  and  entered  the  plane  of  the  vertical 
cross  section  near  the  375  mb  level  between  FNT 
and  DAY.  The  mass  distribution  displays  significant 
changes  during  this  12  h period  with  Ap  between 
305  and  325  K decreasing  200  mb  to  the  left  and  in- 
creasing 150  mb  to  the  right  of  the  streak.  The  Ap 
changes  in  this  case  replicate  the  schematic  of  the 
two-layer  mjss  a Jjustment  associated  with  the  cross- 
contour components  of  the  indirect  transverse  cir- 
culations in  the  exit  region  (Fig.  7a  and  7B).  How- 
ever. the  change  in  Ap  in  the  lower  layer  to  the  right 
of  the  jet  could  also  be  related  to  diabatic  fluxes  as- 
sociated with  planetary  boundary'  layer  processes 
and  latent  heat  release  (Figs.  7C  and  7D). 

e.  The  lower  tropospheric  isallobaric  wind 

The  impact  of  the  two-layer  mass  adjustment  on 
the  isallobaric  wind  is  determined  through  an  evalu- 
ation of  (9)  and  ( 10)  for  the  300  K surface.  The  anal- 
ysis of  the  integrated  pressure  tendency  term  in  (9) 
is  presented  in  Fig.  14.  A four-cell  pattern  is  appar- 
ent with  the  integrated  pr  essure  tendency  increasing 
to  rhe  right  and  decreasing  to  the  left  of  the  jet  streak 
in  the  exit  region.  In  the  entrance  region  a weaker 
reversed  cross-stream  variation  of  the  integrated 
pressure  tendency  is  present.  The  cross-stream  vari- 
ation of  the  integrated  pressure  tendencies  is  forced 
by  the  two-layer  mass  adjustment.  In  the  exit  region, 
mass  convergence  above  300  K and  mass  divergence 
below  forced  the  300  K surface  to  higher  pressure 
on  the  anticyclonic  side.  On  the  cyclonic  side,  the 
reversed  pattern  forced  the  300  K surface  to  lower 
pressure.  In  the  entrance  region,  the  opposite  pat- 
tern of  the  integrated  pressure  tendencies  indicates 
a reversed  two-layer  adjustment. 

The  influence  of  the  integrated  and  surface  pres- 
sure tendency  terms  on  the  300  K isallobaric  wind  as 
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specified  by  (10)  is  presented  in  Fig.  15.  The  isailo- 
baric  wind  vectors  (Fig.  15A)  converged  toward  the 
cyclonic  wave  in  Michigan  and  toward  the  mean 
frontal  position  through  western  Ohio  and  Kentucky 


Fig.  14  Integrated  pressure  tendency  te;m  [He  !9))  with 
Si,  « 300  K for  penod  between  1200  GMT  10  .May  and  OOOO 
GMT  11  M'y  (X  10"*  m*  s‘’l  See  caption  for  Fig.  12  for  addi- 
tional details. 


(Fig.  8>.  The  maximum  isallobaric  wind  vectors  from 
southern  Wisconsin  to  northeast  Indiana  are  above 
the  650  mb  level  and  reflect  the  deepening  mid-tropo- 
spheric wave  in  the  Great  Lakes  region.  The  isallo- 
baric wind  beneath  the  exit  region  of  the  upper  tropo- 
spheric jet  streak  was  orthogonal  to  the  axis  of  the 
streak  and  directed  toward  the  cyclonic  side.  This 
ageostrophic  component  represents  the  lower  branch 
of  the  indirect  circulation  that  was  evident  in  the 
numerical  simulation  (Section  3). 

The  southerly  isallobaric  wind  within  the  lower 
branch  of  the  indirect  circulation  in  .lorth  central 
Ohio  is  of  particular  interest  since  it  coincides  with 
the  position  of  the  LLJ  over  Ohio  at  0000  GMT  1 1 
May.  The  isallobaric  wind  component  in  this  region 
was  dominated  by  the  integrated  pressure  tendency 
term  (Fig.  15B)  over  the  surface  pressure  tendency 
term  (Fig.  150.  The  positive  integrated  pressure 
tendency  to  the  right  of  the  jet  in  the  exit  region  end 
negative  tendency  to  the  left  (Fig.  14)  was  forced  by 
the  internal  two-layer  mass  adjustment  within  the 
exit  region. 
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F.c  15  Evaluation  of  isallobanc  winJ  [Eq.  ilOl]  and  contnbuting  terms  for  12  h period  1200  GMT  10  May  to  00<X)  GMT 
11  May  1973  lA)  vector  representation  for  negative  tendency  of  pressure  gradient  force  [multiplication  by/''  yields  isallobanc 
windl.  iBi  negative  integrated  pressure  tendencv  term.  lO  negative  surface  pressure  tendency  term.  Magnitude  is  scaled  to  lower 
nght  of  each  iigure  i x 10'*  m s'’V  Shaded  region  represents  jet  streak  at  0000  GMT  1 1 May , see  Fig  12  for  details. 


/.  .4  diagnos:ic  trajectory  ariaiysis 

Trajectones  were  computed  and  geostrophic  and 
ageostrophic  componemj  of  the  wind  were  analyzed 
to  determine  the  impact  of  the  isallobanc  wind  on 
the  development  of  the  LLJ.  The  trajectories  are 
calculated  by  a diagnosuc  technique  that  is  based  on 
Greenspan’s  (1972,  1973)  discrete  model  formula- 
tion and  which  utilizes  the  primitive  form  of  the  in- 
viscid  equations  of  motion  (Petersen  and  Uccellini. 
1979).  The  success  of  this  trajectory  technique,  like 
others,  is  susceptible  to  analysis  errors  and  violation 
of  the  assumptions.  However,  it  should  be  empha- 
sized that  the  discrete  model  approach  nearly  con- 
serves energy  (Petersen  and  Uccellini.  1979)  and  that 
the  trajectories  represent  an  accurate  response  to 
the  calculated  tendencies  insofar  as  the  inviscid 
and  adiabatic  assumptions  are  otisfied.  The  final 
parcel  velocities  were  compared  to  the  subjective 
isotach  analysis  for  0000  GMT  II  May  to  check  the 
accuracy  of  the  trajectory  computations  and  were 


generally  within  3 m s’’-  and  20®  of  the  subjective 
isotach  and  isogon  analyses  from  0000  GMT  11  May. 

Six  trajectones  on  the  300  K surface  -hat  were 
selected  from  over  40  trajectones  calculated  by  the 
discrete  model  approacn  are  illustrated  in  Fig.  16. 
Trajectones  .4  and  D depict  the  parcel  movement 
throu^  the  lower  extension  of  the  upper  tropo- 
spheric jet  streak  located  at  approximately  the  650 
mb  level.  The  acceleration  of  parcel  D to  30  m s*' 
over  nonhem  Indiana  agrees  with  the  observed  winds 
at  0000  GMT  11  May  (Fig.  lOE).  Trajec'ones  C,  E 
and  F illustrate  the  parcels  that  onginate  in  the  lower 
troposphere  and  accelerate  nonheastward  through 
Ohio  and  toward  Pennsylvania.  The  parcels  enter- 
ing southern  Ohio  turn  toward  the  north  and  accel- 
erate up  the  isentropic  surface  (toward  lower  pres- 
sure) m the  region  where  the  southerly  isallobanc 
wind  component  was  the  largest  i Fig.  15.4)  and  where 
the  LLJ  existed  at  0000  GMT  11  May  iFig.  lOE). 
Parcels  C and  E.  for  example,  accelerated  to  wind 
speeds  of  23  and  18  m s’'  between  1800  and  OOOO 
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Fic.  16.  Parcel  crajectorie5  calculated  on  300  K isentropic  sur- 
face for  the  12  h period  1200  GMT  10  May  to  0000  GMT  It 
May  1973:  wind  velocity  is  indicated  at  3 h positions  (24017  is 
240°  at  17  m s*‘);  initial  and  finai  pressures  (mb)  are  indicated  in 
parentheses. 


GMT,  respectively,  and  ascended  from  below  825 
mb  to  above  the  750  mb  level.  The  upward  vertical 
motion  indicated  by  these  parcel  trajectories  reflects 
the  increasing  slope  of  the  300  K surface  and  the 
southerly  wind  component  directed  toward  lower 
pressure  on  the  300  K surface  (Figs.  IOC,  lOEand  lOF). 

The  total,  geostrophic  and  ageostrophic  wind 
components  and  the  isallobaric  ageostrophic  com- 
ponenu  for  parcels  C.  E and  D are  presented  in 
Table  1 . The  geostrophic  and  isallobaric  winds  were 
determined  by  specifying  grid-point  ifi  values  and  ^ 
tendencies  for  each  time  by  the  overlapping  poly- 
nomial technique  (Appendix),  calculating  geo- 
strophic and  isallobaric  wind  components  at  the 
grid  points  and  interpolating  to  the  parcel  position. 
The  ageostrophic  wind  is  calculated  from  the  differ- 
ence between  the  total  and  geostrophic  winds. 

Parcels  C and  E were  chosen  since  their  trajecto- 
ries pass  through  the  region  in  which  the  LLJ  formed 
by  0000  GMT  1 1 May.  The  total  u and  v wind  com- 
ponents for  C increased  4.6  and  4.4  m s"‘.  respec- 
tively, as  it  moved  into  central  Ohio  at  2100  GMT. 
Parcel  E underwent  a similar  acceleration  as  it  en- 
tered central  Ohio  at  0000  GMT  11  May.  The  in- 
creases in  the  v coniponent  for  C and  E are  largely 
due  to  the  increases  in  Va,.  For  parcel  C,  v„  increased 
to  4.1  m s"‘  in  central  Ohio  by  2100  GMT  and  for  E 
to  4.6  m s“‘  by  0000  GMT.  The  intensification  of 
Vae  is  to  a large  degree  accounted  for  by  the  increase 
of  the  isallobaric  v component  to  3.0  m s‘‘.  The  in- 
crease in  Va,  as  parcels  C and  E entered  Ohio  is  re- 
sponsible for  the  computed  acceleration  of  the  u 
component  through  inertial  rotation.  The  increases 
in  Ug  as  parcels  C and  E entered  Ohio  is  consistent 
with  the  strengthening  north -south  <li  gradient  on 
the  300  K surface  in  that  region. 


Tail. 

1.  Toul.  geostrophic,  ageostrophic  and  isallobaric  wind  components  for  parcel  trajectones  C.  E,  0 In  Fig.  17. 

Hour 

Position 

Parcel 

velocity 

U 

V 

*** 

I’. 

I’m 

«•>. 

Parcel  C 

1200  GMT 

SW  Indiana 

260  12 

11.8 

2.0 

10.0 

3.2 

1.8 

-1.2 

0.3 

0.0 

1800  GMT 

SW  Ohio 

246  13 

11.9 

3.2 

13.0 

4.0 

-1.1 

1.2 

0.0 

2.0 

2100  GMT 

E central  Ohio 

240  19 

16.3 

9.6 

16.3 

3 3 

0.0 

4.1 

-0.3 

3.0 

OOOOGMT 

NW  Pennsyivanie 

243  23 

20.8 

9.7 

16.3 

8.0 

4.3 

1 7 

-0.3 

1.3 

Parcel  E 

1200  GMT 

S Illinois 

270  13 

13  0 

0.0 

14.3 

3.1 

-1.3 

-3.1 

0 9 

-0  3 

1800  GMT 

S central  Indiana 

261  11 

10.8 

1.7 

10.3 

1.2 

0 3 

0.3 

1.0 

0,0 

2100  GMT 

SW  Ohio 

233  13 

12.4 

3.8 

14.0 

1.3 

-1.6 

2.3 

1.0 

2.0 

OOOOGMT 

S central  Ohio 

245  18 

16.3 

f.6 

18.0 

3.0 

-1.7 

4.6 

0.7 

3 0 

Parcel  D 

1200  GMT 

SW  Iowa 

270  13 

13.0 

■'.0 

_ 

1800  GMT 

N Illinois 

263  26 

23.8 

3.1 

22.0 

0.0 

3.8 

3 1 

3.0 

I J 

2100  GMT 

N Indiana 

268  30 

29.9 

1.0 

23  3 

-1.0 

4 4 

2.0 

2.0 

:.o 

OOOOGMT 

N Ohio 

273  28 

27.9 

-1.5 

24  0 

3 0 

3.9 

-6.3 

-0.' 

1 : 
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Parcel  O illustrates  the  response  of  supcr-geo- 
strophic  parcels  entering  northern  Ohio  upon  exiting 
the  lower  extension  of  the  upper  tropospheric  jet 
streak.  As  D entered  northern  Ohio  (0000  GMT),  it 
turned  slightly  to  the  south  with  the  decreasing 
from  2.0  to  -6.5  m s"'.  The  negative  v„  depicts  the 
response  of  D after  movement  through  the  jet  streak 
in  northern  Indiana  into  a region  of  a weaker  pres- 
sure gradient  force  and  indicates  that  for  supergeo- 
strophic  parcels  exiting  the  streak,  the  inertial  effect 
(term  B in  Eq.  (3)}  dominates  the  positive  isallobaric 
contribution  in  northern  Indiana  and  Ohio.  Com- 
paring supergeostrophic  parcel  D with  the  initially 
subgeostrophic  parcels  C and  E shows  that  the  isal- 
lobaric component  dominates  the  ageostrophic  wind 
in  the  lower  tropo‘'phere  to  the  south  and  southwest, 
while  the  inenial  component  dominates  the  middle 
troposphere  to  the  west  and  northwest.  The  patterns 
of  motion  and  acceleration  for  these  trajectories 
from  the  northwest  and  southwest  infer  deformation 
and/or  convergence  in  the  vicinity  of  the  front  near 
which  the  severe  weather  developed. 

The  analysis  of  the  trajectories  indicates  that  the 
increases  in  the  u and  l-  components  for  lower  tropo- 
spheric parcels  entering  the  region  of  the  LLJ  over 
southwest  Ohio  are  consistent  with  the  e.xpected 
response  of  the  lower  tropospheric  wind  to  the  mass 
adjustments  in  the  exit  region  of  an  upper  tropo- 
spheric jet  streak  and  the  increasing  pressure  gradi- 
ent force  on  lower  troposphenc  isencropic  surfaces. 
The  isallobaric  component  associated  with  the  in- 
creased pressure  gradient  force  accounts  for  over 
half  of  the  increase  in  the  southerly  ageostrophic 
wind  m Ohio.  The  southerly  ageostrophic  wind  forces 
a corresponding  increase  in  the  u component  through 
inertial  rotation.  The  result  of  the  increases  in  the 
Vat  components  is  the  formation  of  the  LLJ 
directed  toward  the  northeast,  oriented  at  a signifi- 
cant angle  to  the  axis  of  the  upper  tropospheric  jet 
streak  (Fig.  11). 

g.  Implications  of  coupled  jet  streaks  for  convective 
storm  development 

The  impact  of  the  coupled  jets  on  creating  condi- 
tions favorable  for  the  deep  convection  in  this  case 
study  was  determined  by  computing  the  meridional 
moisture  and  sensible  heat  transports  along  a cross 
section  from  southern  New  York  westward  to  Ne- 
braska (Fig.  17).  With  the  large  increase  of  the  lower 
tropospheric  meridional  component  associated  with 
the  development  of  the  LLJ.  the  maximum  north- 
ward moisture  transport  over  Ohio  increased  from 
30  to  102  g m"'  s*‘,  or  an  equivalent  increase  in  the 
transport  of  latent  energy  from  7.6  to  25.7  x lOV 
m'*  s"‘  and  lowered  to  the  layer  within  which  the 
LLJ  formed  (Fig.  17B).  For  the  same  12  h penod.  the 
maximum  northward  sensible  heat  transport  over 


Ohio  increased  from  12.6  to  28.1  x lOV  m‘*  s"'  in 
coivjunction  with  the  development  of  the  LLJ. 

The  impact  of  the  increased  southerly  wind  in  the 
lower  troposphere  and  at  the  earth's  surface  in  the 
region  where  the  LLJ  developed  is  also  illustrated  by 
the  surface  equivalent  potential  temperature  {0,) 
analyses  (Fig.  18).  The  6,  analyses  are  based  on 
hourly  surface  data  from  nearly  100  Midwest  report- 
ing stations.  The  increased  temporal  and  spatial 
resolution  lend  valuable  supporting  evidence  to  the 
interpretation  that  the  LLJ  increased  the  lower  tropo- 
spheric moisture  and  heat  transports  into  the  incep- 
tion area  of  the  severe  convective  storms-  A $,  tongue 
rapidly  intensified  and,  by  1800  GMT  10  May,  ex- 
tended northeastward  into  Ohio  coinciding  with  the 
axis  of  the  LLI  at  0000  GMT  1 1 May.  Although  the 
daytime  insolation  can  signifkantly  increase  the  sur- 
face the  increase  by  insolation  would  tend  to  be 
uniform  at  any  given  latitude.  The  shape  and  pre- 
ferred location  of  the  narrow  d,  tongue  coinciding 
with  the  axis  of  the  LLJ  points  to  the  importance  of 
the  accelerated  advective  process  in  the  rapid  evolu- 
tion of  the  6f  held  in  southeastern  Indiana  and  west- 
ern Ohio.  .As  in  other  cases  (Means.  1952. 1954;  Bon- 
ner. 1966).  the  narrow  region  of  accelerated  moisture 
and  temperature  advections  in  the  boundary  layer  is 
due  to  the  increased  lower  tropospheric  winds  asso- 
ciated with  the  development  of  the  LLJ. 

WTiile  the  development  of  the  LLJ  increased  the 
lower  tropospheric  d,  in  Ohio  by  rapid  northward 
transport  of  sensible  he  't  and  moisture,  the  lower 
portion  of  the  upper  tropospheric  jet  streak  that  ex- 
tended down  to  the  600-  700  mb  layer  (see  300  K 
analysis.  Fig.  lOE)  transported  cooler  and  drier  air 
into  the  middle  troposphere.  The  effect  of  the  dif- 
ferential transports  was  to  reduce  d,  by  about  4 K 
within  the  500  to  750  mb  layer  for  the  Dayton.  Onio 
soundings  from  1200  GMT  10  May  to  OOOO  GMT  1 1 
May.  while  lower  tropospheric  values  in- 
creased by  4 to  12  K.  By  0000  GMT  1 1 May,  the 
Dayton  sounding  indicated  convective  instability 
from  the  eanh's  surface  to  500  mb.  and  that  the  level 
of  free  convection  was  lowered  from  770  to  850  mb, 
w.hile  the  equilibrium  level  at  the  top  of  the  positive 
energy  area  of  latent  instability  increased  from  680 
to  2'’0  mb.  The  net  effect  of  the  differential  sensible 
heat  and  moisture  transports  associated  with  the 
coupled  jet  streaks  was  to  create  conditions  favor- 
able for  the  formation  of  deep  convective  storms  that 
developed  within  the  exit  region  of  the  upper  tropo- 
spheric jet  streak  by  0000  GMT. 

5.  Summary 

The  interaction  between  upper  and  lower  tropo- 
spheric jet  streaks  is  an  important  factor  in  the  de- 
velopment of  organized  severe  convective  storm 
systems.  The  intenection  of  jet  axes  in  the  exit  re- 


484 


LOUIS  W.  UCCELLINI  AND  DONALD  R.  JOHNSON 


Fio.  17.  Vertical  lections  of  (A)  meridional  wind  component  (m  $*')  from  Omaha.  Nebraska  (OMA!  to  Pittsburgh. 
Pennsylvania  (Pr*  , (B)  meridional  moisture  transpon  (MT.  g m'*  s'‘)  and  sensible  heat  transport  (SHT.  x4.I  x !0*y 
m‘*s'')  from  ' .:h  Plat  e.  Nebraska  (LBF1  to  Teterboro.  New  Jersey  (TEB).  Northward  directed  fluxes  are  positive 
(solid),  sout;  -riy  fluxes  are  negative  (dashed). 


gion  of  the  upper  troposphet’C  jet  and  the  veering 
of  the  wind  with  heigh'  co'  vectively  destabilizes  the 
atmosphere  through  luferential  moisture  and  tem- 
perature advectior  ? (Miller,  1935:  Petterssen.  1936; 
Newton,  1967',  in  most  studies,  the  tendency  has 
bee'  ,o  *rm  each  jet  streak  as  a separate  entity. 


although  Reiter  ( 1969)  suggested  that  in  some  cases 
upper  and  lower  tropospheric  jet  streaks  are  not 
separate  entities.  This  paper  has  presented  a basis 
for  the  dynamical  processes  responsible  for  coupling 
upper  and  lower  tropospheric  jet  streaks  through 
mutual  mass-momentum  adjustments  and  transverse 
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Fio.  18.  Surface  equivalcni  potential  tempenture  (8,) analyses  for  10  May  1973,  based  on  F.AA 
and  Weather  Service  hourly  surface  data. 


circulations  within  the  exit  region  of  an  upper  level 
jet  streak.  The  forcing  of  the  transverse  circulations 
was  investigated  by  the  combined  application  of  the 
geostrophic  momentum  approximation  and  isallo- 
baric  equation  in  isentropic  coordinates 
A hybrid  numerical  model  is  used  to  simulate  the 
mass  adjustment  associated  with  a jet  streak  propa- 
gating in  a zonal  channel  and  the  response  of  the 
lower  troposphere.  The  model  simulation  depicts  a 
basic  two-layer  mass  adjustment  in  the  exit  and  en- 
trance regions  of  the  jet  streak  that  was  related  pri- 
marily to  the  ageostrophic  mode.  At  the  level  of  the 
jet  streak,  the  inertial  advective  component  of  the 
geostrophic  momentum  approximation  to  the  ageo- 
strophic wind  dominated  the  upper  branches  of  the 
transverse  circulations.  In  the  lower  troposphere. 


the  isallobaric  component  of  the  ageostrophic  wind 
dominated  the  lower  branch  of  the  transverse  cir-  . 
eolations.  The  numerical  results  verified  that  the 
lower  tropospheric  isallobaric  winds,  representing 
the  transverse  components  of  the  return  branches 
of  the  direct  and  indirect  circulations,  au-e  forced  by 
the  two-layer  mass  adjustment  accompanying  the 
propagation  of  the  upper  level  jet  streak. 

In  the  case  study,  a similar  two-layer  mass  adjust- 
ment was  isolated  in  the  exit  region  of  the  upper  trop- 
ospheric jet  streak  and  linked  to  the  increased  pres- 
sure gradient  force  and  the  resultant  isallobaric 
component  within  the  return  branch  of  an  indirect 
circulation.  The  mass  adjustment  and  isallobaric 
wind  were  then  related  to  the  formation  of  a low- 
level  jet.  The  LLJ.  located  beneath  the  exit  region 
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of  the  upper  tropospheric  jet  streak,  was  embedded 
within  the  lower  branch  of  an  indirect  circulation. 
The  LLJ  was  directed  up  sloped  isentropic  surfaces 
toward  the  cyclonic  side  of  the  upper  level  jet  and 
was  noticeably  ageostrophic.  A diagnostic  analysis 
of  atmospheric  trajectories  verifies  that  a southerly 
isallobaric  wind  was  an  important  component  of  the 
LLJ  in  this  case.  The  southerly  isallobaric  wind  was 
largely  responsible  for  the  observed  intensification 
of  the  meridional  ageostrophic  wind  component  and 
forced  a corresponding  acceleration  of  the  u com- 
ponent through  inertial  rotation,  while  u,  intensified 
through  the  increased  pressure  gradient  force.  The 
increases  in  v.,  and  u resulted  in  the  formation  of 
the  LLJ  directed  toward  the  northeast  at  a signifi- 
cant angls  to  the  axis  of  the  upper  tropospheric  jet 
streak.  Since  the  mass  adjustments  are  responsible 
for  the  isallobaric  ageostrophic  wind,  the  upper  trop- 
ospheric jet  streak  and  LLJ  were  coupled  by  the 
two-layer  mass  adjustment  associated  with  the  jet 
streak’s  propagation.  These  results,  which  empha- 
size momentum  generation  in  the  lower  troposphere 
as  a result  of  a three-dimensional  mass-momentum 
adjustment  process,  are  in  contrast  to  Ninomiya’s 
(1^1)  contention  that  convection-induced  vertical 
transport  of  momentum  is  responsible  for  the  de- 
velopment of  a LLJ  within  the  exit  region  of  an  up- 
per level  jet  streak.  A downward  transport  of  the 
upper  level  jet  streak's  momentum  cannot  account 
for  the  orthogonal  momentum  component  of  the  LLJ 
that  yields  the  difference  in  wind  direction  between 
upper  and  lower  tropospheric  jet  streaks. 

The  case  study  also  isolated  how  the  coupling  of 
the  upper  and  lower  tropospheric  jet  streaks  yields 
conditions  favorable  for  the  development  of  severe 
convective  storms  within  the  exit  region  of  the  upper 
tropospheric  Jet.  The  isallobaric  wind  component 
of  the  LLJ  that  is  orthogonal  to  the  axis  of  the  upper 
tropospheric  jet  streak  was  the  primary  reason  for 
the  LLJ  being  at  a significant  an^e  to  the  jet's  axis. 
The  dominance  of  the  isallobaric  component  in  the 
lower  troposphere  combined  with  the  increased  im- 
portance of  the  inertial  advective  effects  in  the  mid- 
dle and  upper  troposph^''.  resulted  in  veering  of  the 
winds  with  height  s'  differential  moisture  and  sen- 
sible heat  transports.  The  LLJ  rapidly  transported 
moisture  and  sensible  heat  within  the  lower  tropo- 
sphere northward  into  the  inception  area,  while  the 
lower  extension  of  the  upper  tropospheric  jet  streak 
transported  cooler  and  drier  air  eastward  within  the 
middle  troposphere.  The  net  effect  of  the  differential 
transports  was  to  generate  convective  instability 
from  the  earth's  surface  to  the  500  mb  level,  to  lower 
the  level  of  free  convection  and  to  raise  the  equilib- 
rium level  capping  latent  instability,  all  of  which 
are  conducive  to  the  formation  of  deep  convective 
storms.  The  concept  that  the  development  of  condi- 
tions favorable  for  deep- convection  occurs  through 


mutual  mass-momentum  adjustments  associated 
with  a propagating  jet  streax  provides  an  underlying 
basis  for  the  criteria  used  in  severe  weather  fore- 
casts (Fawbush  et  al.,  1951;  Fawbush  and  Miller, 
1953,  1954). 

The  primary  emphasis  of  this  research  has  been  to 
determine  the  role  of  propagating  jet  streaks  and 
mass-momentum  adjustments  in  creating  conditions 
favorable  for  the  development  of  severe  convective 
storm  systems.  However,  several  important  ques- 
tions remain  for  future  research.  The  influence  that 
latent  and  sensible  heating,  and  subsequent  diabatic 
mass  transports,  have  on  the  coupling  of  the  lower 
tropospheric  wind  response  to  the  propagating  upper 
tropospheric  jet  streak  should  be  examined  through 
numerical  experiments  and  additional  case  studies. 
Another  important  problem  that  should  be  considered 
in  fiiture  research  is  an  apparent  non-steady  aspect 
of  the  coupling  between  upper  and  lower  tropospheric 
jet  streaks.  In  this  case,  the  sounding  data  did  not 
indicate  a LLJ  within  the  exit  region  of  the  upper 
tropospheric  jet  streak  at  1230  GMT  10  May.  Also, 
the  surface  9,  analysis  for  1200  GMT  did  not  reveal 
any  distinct  tongues  in  Illinois  and  Iowa.  The  de- 
velopment of  a distinct  d,  tongue  into  southern  In- 
diana and  western  Ohio  during  the  day  (Fig.  18),  the 
reversal  of  the  movement  of  the  frontal  zone  in  that 
area  during  the  same  period  (Fig.  8),  and  the  exist- 
ence of  the  LU  at  0000  GMT  1 1 May  surest  that 
the  LLJ  did  not  move  with  the  propagating  upper 
tropospheric  jet  streak.  Rather,  the  LLJ  seemed  to 
develop  within  the  exit  region  between  1200  GMT 
10  May  and  0000  GMT  1 1 May  as  the  upper  tropo- 
spheric streak  approached  the  surface  front  extend- 
ing through  Ohio  and  Indiana.  The  development  of 
the  LLJ  appears  to  represent  an  acceleration  of  the 
transverse  indirect  circulation. with  respect  to  the 
propagating  jet  streak.  Eliassen  (1951)  emphasized 
that  the  intensity  of  meridional  circulations  will  in- 
crease with  reduced  stability.  In  this  case,  as  the 
upper  tropospheric  jet  streak  approached  the  warmer 
air  east  of  the  front,  the  jet  encountered  a region  in 
which  the  mid-tropospheric  stability  was  significantly 
reduced  on  the  cyclonic  and  anticyclonic  sides  of 
the  streak  (indicated  by  large  ^p  between  325  and 
305  K isentropes  in  the  1200  GMT  vertical  cross  sec- 
tion in  Fig.  13).  Perhaps  the  reduced  stability  in  the 
region  into  which  a jet  streak  propagates  is  a key 
factor  for  the  intensification  of  the  indirect  circula- 
tion and  a subsequent  increase  in  the  magnitude  of 
the  low-level  winds.  The  examination  of  these  ques- 
tions could  provide  additional  insight  into  the  scale 
interactive  processes  that  establish  convective  in- 
stability and  initiate  and  maintain  the  severe  con- 
vective storm  systems. 
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APPENDIX 

The  Calculation  of  the  Isallobaric  Wind  and 
Mass  Tendencies  for  the  Case  Study 

The  and  pressure  tendencies  in  (1 1)  and  (12)  are 
evaluated  utilizing  the  "overlapping  polynomial 
technique"  developed  by  Bleck  and  Haagcnson 
(1968)  and  expanded  on  by  Whittaker  and  Petersen 
(1977).  The  method  was  designed  for  spatial  objec- 
tive analyses  but  can  also  be  used  to  generate  tem- 
poral series.  In  an  example  from  Whittaker  and  Peter- 
sen (see  Whitta.ker  and  Petersen,  1977;  Fig.  3),  two 
second-order  polynomials  are  fitted  between  four 
data  points.  In  the  region  between  the  second  and 
third  points,  the  two  curves  are  merged  using  linear 
distance  weighting  to  yield  the  resultant  third-order 
polynomial.  The  method  maintains  a smooth  transi- 
tion between  adjacent  polynomials  and  insures  that 
first  derivatives  can  be  calculated  along  the  entire 
curve.  In  our  application,  the  four  data  points  rep- 
resent sounding  data  from  (XXX)  GMT  10  May  throu^ 
1200  GMT  1 1 May  1973  at  12  h intervals.  The  period 
of  interest  in  this  case  study  is  between  the  second 
and  third  points,  1200  GMT  10  May  and  0000  GMT 
11  May,  respectively.  This  techhique  is  utilized  to 
generate  time  series  which  are  then  used  I)  to  cal- 
culate the  pressure  at  the  midpoint  of  the  series  (1800 
GMT  10  May)  at  each  grid  point  for  estimating  the 
two  contributing  terms  to  in  (10);  2)  to  specify 
the  ill  tendencies  in  the  trajectory  analysis;  and  3)  to 
calculate  the  isallobaric  component  for  parcel  trajec- 
tories in  Table  1 by  computing  grid-point  tendencies 
of  pressure  gradient  force  at  3 h intervals  with  At 
set  equal  to  2 h,  which  are  then  interpolated  to  the 
parcel  positions. 
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ABSTRACT 

Several  recent  efforts  in  the  development  of  isentropic  numerical  models  for  atmospheric  simulation 
have  used  sigma  coordinates  for  prediction  within  the  lower  troposphere.  Sigma  coordinates  are  used 
in  this  region  to  provide  a grid  structure  with  uniform  resolution  for  predicting  planetary  boundary  layer 
processes  and  to  avoid  the  problem  of  the  intersection  of  information  surfaces  with  the  earth’s  surface. 
While  successful  simulations  have  been  completed,  none  of  the  hybrid  models  provioed  for  the  conser- 
vation of  mass  and  other  properties  with  respect  to  transport  through  the  common  interface  between 
the  sigma  and  isentropic  model  domains.  The  primary  problem  is  to  match  boundary  conditions  across 
the  mterface  while  providing  for  full  interaction  between  the  two  model  domains  in  the  presence  of 
diabetic  heating  and  viscous  forces  without  introdudng  spurious  sources  of  mass,  momentum  or  energy. 

In  this  paper,  a solution  is  presented  which  matches  transport  boundary  conditions  at  the  interface 
and  conserves  atmospheric  properties  without  parameterization.  The  development  of  an  isentropic  and 
sigma  coordinate  hybrid  model,  based  on  the  flux  form  of  the  primitive  equations,  is  discussed.  In  this 
development  phase,  primary  emphasis  is  on  the  unique  modeling  aspects  related  to  the  intersection  of 
isentropic  surfaces  with  the  common  boundary  and  the  conservation  of  physical  properties  during  ex- 
change between  the  two  model  domains.  Initial  model  simulations  of  a jVt  streak  propagating  in  a zonal 
channel  are  presented  that  were  designed  to  test  the  feasibility  of  the  hybrid  model  approach.  The  results 
show  that; 

1)  With  respect  to  traiuport  processes,  mass,  momentum  and  energy  are  conserved  for  the  entire 
model  domain.  Vertical  transport  of  properties  through  the  interface  between  the  two  model  domains 
is  matched  exactly. 

2)  The  flux  formulation  of  the  hybrid  model  with  a vertically  staggered  grid  maintains  a smooth 
transition  at  the  interface  level  without  need  for  artificial  adjustments. 

3)  The  time  rates  of  change  of  total  momentum  and  energy  are  associated  primarily  with  physical 
forcing. 

The  effects  of  truncation  errors  resulting  from  initialization  of  emerging  grid  points  in  the  truncated 
isentropic  region,  based  on  a redistribution  of  mass  and  momentum  consistent  with  conservation  of 
these  properties,  yields  minor  pressure  and  wind  perturbations  in  the  truncated  and  ftgma  grid  volumes. 
Although  the  perturbations  are  stable  and  quickly  damp,  the  need  to  initialize  grid  points  in  the  sen- 
sitive model  region  above  the  boundary  layer  is  a problem  with  hybrid  models  which  merits  further 
attention. 


1.  latroduction 

In  recent  yerrs,  a renewed  interest  in  utilizing 
isentropic  coordinates  for  the  study  of  midlatitude 
weather  disturbances  has  been  e.xtended  to  modeling 
synoptic-  and  subsynoptic-sca>  phenomena  within  the 

‘Present  affiliation.  .VASA/Godcard  Space  Flight  Center, 
Laboratory  for  .Atmospheric  Sciences.  Code  914.  Greenbelt, 
MD  20771. 

University  of  Wisconsin — Madison,  Macison  VVT  33706. 


isentropic  framework  (Eliassen  and  Raustein,  1968, 
1970;  Gall,  1972;  Bleck,  197.1,  1974;  Shapiro,  1975, 
Deaven,  1976;  Friend,  1976;  Trevisan,  1976),  .An 
advantage  of  this  approach  is  that  for  adiabatic  dow 
isentropic  surfaces  becorr  materal  surfaces.  Thus, 
the  depiction  and  prec  jn  of  fhree-dimensional 
transport  processes  are  reduced  to  the  two  horizontal 
spatial  dimensions  (Starr,  1945;  Charney  and  Phillips, 
1955).  This  simplincation  suggests  that  truncation 


0022-4928/ 79/030390-25110.25 
O 1979  .Amencan  -Meteorological  Society 


490 


L.  W.  UCCELLINI.  D.  R.  JOHNSON  AND  R.  E.  SCHLESINGER 


error  in  regions  of  adiabatic  flow  may  be  suppressed 
through  the  reduction  in  degrees  of  freedom  of  the 
advective  terms  in  the  ba»ic  equations.  The  need  to 
estimate  the  vertical  advection  or  transport  in  a 
hydrostatic  atmosphere  from  a diagnostic  evaluation  of 
the  divergent  component  of  the  motion  held  is  elimi- 
nated. Another  basic  advantage  is  the  variable  spacing 
between  iser  tropes  which  enhances  the  vertical  resolu- 
tion in  baroclinic  zones  where  strong  wind  shear  e.xists. 
Therefore,  upper  tropospheric  jet  cores  and  attending 
frontal  zones  can  be  resolved  even  with  the  use  of 
coarse-resolution  horizontal  grids  (see  Bleck,  1973; 
Shapiro,  1974). 

The  advantages  of  modeling  in  iscntropic  coordinates 
are  offset  by  several  deterrents.  One  of  these  is  the 
behavior  of  isentiopes  near  the  ground.  Although  the 
intersection  of  isentropic  surfaces  with  the  earth’s 
surface  does  not  seem  to  be  a serious  obstacle,  (Eliassen 
and  Raustein,  1968,  1970;  Bleck,  1974;  Shapiro,  1973; 
Trevisan,  1976),  the  e-xistei'ce  of  superadiabatic  and 
adiabatic  layers,  which  occur  most  frequently  in  the 
boundary  layer,  cannot  be  tolerated.  In  addition,  the 
tendency'  toward  an  adiabatic  condition  in  the  planetary 
boundary  layer  results  in  limited  resolution  in  regions 
where  vertical  gradients  and  viscous  stresses  are  Urge, 
and  significant  moisture,  momentum  and  energy  flu.xes 
occur.  The  tendency  for  adiabatic  conditions  in  the 
free  atmosphere  also  results  in  limited  vertical  resolu- 
tion in  regions  where  vertical  mi.xing  through  turbulent 
diffusion  is  likely  enhanced  by  low  static  suhility. 
Another  degree  of  freedom  introduced  in  any  coordinate 
system  with  sloped  upper  and  lower  information  sur- 
faces (e  g.,  isentropic  and  sigma  coordinates)  is  a mode 
of  nonconvective  flu.x  of  horizontal  momentum  and 
kinetic  energy’  by  pressure  and  viscous  stresses  on  the 
upper  and  lower  surfaces  of  a grid  volume  element 
(Johnson,  1977).  These  limitations  of  isentropic  models 
may  lead  to  deflciencies  in  weather  forecasting, 
especially  for  predicting  the  boundary  layer  wind  field 
and  precipitation. 

A proposed  approach  to  resolve  the  boundary  layer 
problem  is  a hydrid  model  (Gall,  1972;  Deaven,  1976) 
which  incorporates  isentropic  coordinates  for  the  free 
atmosphere  and  sigma  coordinates  (Phillips,  1957)  for 
the  planetary  boundary  layer.  One  advantage  of  the 
hybrid  approach  is  the  optimum  resolution  that  both 
coordinate  sy-stems  offer  for  particular  regions  of  the 
atmosphere.  Second,  superadiabatic  and  adiabatic 
conditions  could  e.xist  in  the  boundary  layer  without 
need  for  adjustment  due  to  the  mathematical  con- 
straint that  potential  temperature  must  increase  with 
height.  The  truncation  of  the  isentropic  domain  above 
the  planetary  boundary  layer  also  avoids  the  need  to 
extrapolate  values  of  the  Montgomery  streamfunction 
(^)  to  isentropic  surfaces  “beneath  the  ground”  in 
order  to  calculate  the  pressure  gradient  force  in  the 
equations  of  motion.  Values  of  on  isentropic  surfaces 
beneath  the  interface  separating  the  two  model  do- 


mains can  be  determined  by  interpolation  from  the 
atmospheric  structure  within  the  sigma-coordinatc 
bountkry  layer.  This  is  an  important  feature  in  estimat- 
ing the  horizontal  pressure-gradient  force  near  the  lower 
boundary  of  an  isentropic  model  domain. 

Among  the  efforts  to  develop  a hybrid  model.  Gall 
(1972)  combined  an  "inactive  advective”  planetary 
boundary  layer  in  sigma  coordinates  with  isentropic 
coordinates  for  the  free  atmosphere  to  model  a propagat- 
ing jet  streak.  Deaven  (1976)  joined  the  isentropic 
representation  of  the  free  atmosphere  with  an  active 
planetary  boundary  layer  in  sigma  coordinates  in  a two- 
dimensional  model  to  study  dynamically  and  thermo- 
dynamically forced  circulations.  His  results  were 
realistic  for  a variety  of  two-dimensional  circulations. 
However,  neither  Gall’s  nor  Deaven ’s  models  possessed 
degrees  of  freedom  for  transport  of  mass  or  other 
properties  through  the  common  interface  separating 
the  sigma  and  isentropic  model  domains.  A resulting 
limitation  would  occur  for  the  prediction  of  deep 
tropospheric  mass  circulations  characterized  by  inflow 
in  the  boundary  layer,  upward  transport  throughout 
the  entire  vertical  e.xtent  of  the  troposphere  and  outflow 
in  the  high  troposphere.  In  this  situation  the  material 
surface  at  the  interface  would  eventually  span  the 
entire  troposphere  over  the  region  of  ascent  and  be 
severely  deformed.  The  determination  of  pressure  and 
viscous  for  es  near  or  on  the  interface  which  satisfy 
conscrvatic.i  principles  would  be  compromised  by  the 
increased  slope  of  the  sigma  surfaces.  Recently,  Friend 
a al.  (1977)  completed  a three-dimensional  hybrid 
model  which  included  an  active  boundary  layer  and 
vertical  advection  through  the  interface.  However,  some 
uncertainty  e.xists  concerning  the  accuracy  and  success 
of  their  methods.  The  model  does  not  insure  that  the 
solutions  for  the  predictive  equations  at  the  interface 
and  on  isentropic  surfaces  immediately  above  the 
interface  are  consistent  and  satisfy  transport  con- 
straints. The  separation  of  the  solutions  near  the 
interface  thus  requires  an  artificial  adjustment  to 
smooth  the  mass  and  wind  fields  across  the  interface. 
These  adjustments,  however,  violate  conservation 
prindples  and  appear  to  generate  spurious  gravity 
waves  (Friend,  1976). 

The  primary  problem  with  the  hydrid  model  ap- 
proach has  been  to  match  boundary  conditions  across 
the  interface  which  provide  for  full  interaction  of  the 
two  model  domains  ir>  the  presence  of  diabatic  heating 
and  viscous  forces,  without  introducing  spurious  sources 
of  mass,  momentum  or  energy.  The  purposes  of  this 
paper  are  as  follows ; 

1)  to  pose  a solution  for  matching  boundary  condi- 
tions across  the  interface  of  an  isentropic  and  sigma 
coordinate  hydrid  model ; 

2)  to  design  a hydrid  model  based  on  the  flux  for.n 
of  the  primitive  equations  that  allows  direct  vertical 
e.xchange  between  the  model  domains,  satisfies  con- 
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Fio.  1.  CroM  MCtion  o(  hydrid  model  shourmf  S&rotroDic, 
iteBtropic  (rec  ttmotphert  tod  ligma  bounduy-lAyer  domams. 
Solid  WBd  dMh«d  lurfacn  indictu  vcnictl  lU^nng  of  vtrUbln. 
■ U the  number  of  iienUoptc  leyen. 

servtuon  principles  with  respect  to  transport  processes, 
and  maintains  a smooth  transition  across  the  interface 
without  need  for  artificial  adjustment  or  parameteriia- 
tion  schemes ; 

3)  to  present  initial  model  results  of  experiments 
designed  to  test  the  feasibility  of  the  hybrid  model 
approach. 

A solution  for  the  problem  of  matching  transport  across 
the  interface  while  conserving  atmospheric  properties 
is  presented  in  Section  2.  description  of  a three- 
dimensional  hydrid  model  is  discusUd  in  Section  3. 
In  this  development  phase,  primary  emphasis  is  on  the 
unique  modeling  aspects  related  to  the  intersection  of 
the  isentropic  surfaces  with  the  common  boundary  and 
the  conservation  of  phsatcal  properties  during  exchange 
between  the  two  mt^el  domains.  .A  detailed  description 
of  the  modeling  techniques  can  be  found  in  the  Scientific 
Report  by  Uccellini  et  ol.  (1977).  The  results  from  the 
initial  model  e.rperiments  are  presented  in  Section  -* 
with  a nummary  and  future  research  plans  presented  in 
Section  3. 

2.  Budget  integrals  for  the  hybrid  model  and 
conservation  of  properties  during  exchange 
across  the  common  interface 

The  isentropic  an.f  sigma  model  domains  are  illus- 
trated in  Fig.  1.  Their  mterface  is  the  common  bound- 
ary through  which  transport  from  one  domain  must 


equal  the  transport  into  the  other  domain.  The  follow- 
ing development  focuses  on  matching  the  isentropic 
and  sigma  coordinate  boundary  conditions  at  the 
interface. 

The  budget  integrals  of  an  arbitrary  physical  property 
(/)  for  the  isentropic  (f;)  and  sigma  (fO  portions  of 
the  hybrid  model,  with  the  common  boundary  vb  are 


F,- 


F.- 


pJi/dBdA, 


«• 

fj  .fdadA , 


(1) 

(2) 


where  all  limits  of  integration  are  invariant  except  the 
isentropic  budget's  lower  limit  Sb-  With  t'  e 'acobian 
defined  by  absolute  value,  the  negative  sign  in  (21  is 
required  for  Fi  to  be  positive  since  » is  a monotonic 
decreasing  function  with  height.  .A  complete  list  of 
symbols  is  presented  in  .Appendix  .A. 

By  Leibniz’s  rule  for  the  differentiation  of  integrals, 
the  time  rates  of  change  of  (1)  and  (2)  are 


dFi 

dl 


-f  f^-(fiJ,f)d8dA-f 
J A JtB  di  J A 


dB»  I 
pJif—^A  I 
dt  I 
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dt. 
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The  last  term  in  (31  represents  the  changes  associated 
with  the  expansion  or  contraction  of  the  isentropic 
domain  due  to  time  variations  of  over  the  surface  of 
integration.  This  surface  of  integration  is  the  common 
boundary  on  which  distributions  of  variables  are 
specified  by  the  intersection  of  <tb  with  the  isentropic 
coordinate  structure. 

The  use  of  a generalized  transport  equation  (John- 
son. 19771 


d d / di7\  df 

— T ,■  ipy,/L’)-i — ( pj,f— ) «py,— , 1 51 

dt,  X dl  / dt 


in  (31  and  (Al  and  integration  yields 
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where  the  vertical  mass  transporu  fiJtdeidt  and 
vanish  at  the  top  and  bottom  of  the  atmosphere,  re- 
spectively. The  last  term  in  (6)  is  the  transport  relative 
to  the  coordinate  $b,  while  the  lut  term  in  (7)  is  the 
traiuport  of  the  property  / through  the  boundary  9$. 
By  the  chain  rule,  the  time  variation  of  9six,y^tJ)  on 
the  boundary  is 


d9t 

n 


99m 

f-U- 


The  substitution  of  (8)  into  (6)  yields 


(8) 


dFt 

di 


(J^9dA-  ■BdLd9 


(9) 


where  the  subscripts  for  9g  in  (9)  have  been  deleted 
since  its  distribution  is  specified  by  the  intersection  of 
the  surface  of  integration  <r<  with  the  isentropic  do- 
main. The  final  result  for  (9),  accomplished  with  the 
e.xpansion  of  d9/di  and  the  Jacobian  relation 


99 

is 


(10) 


dFt 

~dt 


dj 

pJt~~d9dA 

dt 


-fj' 


a/J-  dA. 
dt 


(11) 


This  result  verifies  that  in  the  absence  of  internal 
sources  or  sinks  of  properties,  the  time  rates  of  change  of 
the  budget  integrals  for  the  isentropic  and  sigma  do- 
mains are  determined  by  transport  across  boundaries 
and  that  the  transport  relative  to  the  coordinate  9b  in 
(6)  is  identical  to  the  transport  of  the  property  / 
through  the  boundary  «b.  With  identical  e.xpressions 
of  opposite  signs  in  (7)  and  (11)  for  the  transport  of 
any  property  across  the  common  boundary  of  the 
hybrid  isentropic-sigma  model,  integrals  if  properties 
determined  from  a finite-difference  flu.x  fcnnulation 
will  be  conservative. 

3.  The  numerical  model 

The  description  of  the  numerical  mod<  0 test 

the  feasibility  of  the  hydrid  approach  is  ted  in 

this  section.  The  discussion  focuses  on  tl  tions 
for  both  model  domains,  the  finite-difference  methodj 
for  computing  transport,  the  calculation  of  the 
Montgomery  streamfunction  and  its  gradient  near  the 
interface  for  trtmeated  isentropic  grid  volumes,  bound- 
ar>'  conditions  and  initialization  procedures. 

a.  Model  equations 

The  finite  difference  flux  forms  of  the  primitive  equa- 
tions for  isentropic  and  sigma  coordinates  in  Tables  I 
and  II,  respectively,  stem  from  a generalized  transport 
equation  for  basic  ph\sical  properties.  The  total 
property  within  each  grid  volume  p//  is  equal  to  0 ^tJtf 
for  isentropic  coordinates  and  for  sigma  co- 
ordinates, where  and  J,^  ,9z  ‘9o,  trans- 

form the  vertical  coordinate  and  J,(x,y  A,*)  transfoi.ns 


Tabu  L Flux  form  of  hydrostatic  priraitivt  equations  for  modified  spherical  grid : Isentropic  coordinates. 


MtsB  continuity  equation 


normal: 

tnincated: 

a momentum  equation 

normal: 

truncated: 
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Ezaer  function 
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First  law  of  thermedynaraica 
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Tabu  n.  As  in  Table  I except  for  sigma  coordinates. 


Mass  continuity  equation 
m momentum  equation 


..iri-r  - • ■■  ^ 
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horizontal  area  in  Cartesian  coordinates  to  modified 
spherical  coordinates.  The  modified  spherical  coordi- 
nate, with  J,  equal  to  a’  cos^,  cos45*,  provides  for  a 
square  grid  area  at  45*  rather  than  at  the  equator  while 
retaining  the  poleward  convergence  of  the  meridians 
and  thtrefore  reduces  the  grid  distortion  within  the 
model  domain  (Uccellini  et  al.,  1977).  Since  no  informa- 
tion exists  for  vertical  variation  of  the  mass  (p7)  or 
specific  properties  if)  within  grid  volumes,  each 
quantity  is  represented  by  its  vertical  average.  With 
the  hydrostatic  assumption,  the  total  property  within 
the  vertically  integrated  grid  volume  becomes  (A/>  g)J,f 
for  both  domains.  Here  Ap  is  the  absolute  value  of  the 
difference  between  the  pressures  on  the  lower  and  upper 
surfaces  of  the  grid  volume,  regardless  of  whether  the 
grid  volume  is  complete  with  top  and  bottom  isentropic 
surfaces  or  is  truncated  by  the  interface  separating  the 
model  domain.  In  the  sigma  domain  is  equal  to 
p*  2.  In  Eqs.  (I1)-(I3)  the  vertical  fluxes  (VT)  are 
integrated  over  the  vertical  extent  of  normal  and 
truncated  volumes. 

Gall  (1972)  conducted  e.xperiments  with  both  adia- 
batic and  diabatic  conditions.  In  his  diabatic  c.xperi- 
menti,  he  predicted  the  vertical  transport  pJ$^/dt 
through  the  use  of  a water  vapor  transport  equation. 
In  our  initial  attempts  with  the  hybrid  model,  anabatic 
conditions  are  imposed  to  study  mass  conservation. 
With  this  constraint,  the  layer-average  hydrosutic 
mass  distribution  and  the  average  pressure  ^(8)  must 
be  conserved  in  the  isentropic  domain  since  the  isen- 
tropic vertical  transport  vanishes.  Since  the  tendency 
of  the  area-average  pressure  distribution  over  isentropic 
surfaces  that  extend  into  the  sigma  domain  must  also 
vanish,  the  time  variation  of  p (fi)  is  a diagnostic  measure 
of  conservation  of  the  mass  distribution  above  any 
isentropic  surface  within  the  entire  model  domain. 


.•Another  simplification  is  introduced  by  defining  the 
vertical  e.xtent  of  the  sigma-coordinate  boundar.  layer 
to  be  an  increment  of  mass  corresponding  to  200  mb. 
With  this  simplit', cation  p*  reduces  to  a constant  and 
the  vertical  motion  a,  determined  by  the  integration 
of  the  equation  of  continuity  (lilt,  is 


/"-■  1 

r ^ 

<5  1 

/ - 

— (a-uj-t- 

— (.^r) 

J.  a 

id.\ 

a4>  J 

where  the  boundary  condition  that  <r  vanishes  at  the 
earth's  surface  is  applied.  With  the  diagnostic  evalua- 
tion of  d,  the  vertical  tratisporl  of  any  physical  property 
(e.g.,  mass,  momentum  and  e.iergy)  through  the  com- 
mon boundary  is  determined  without  the  need  for 
parameterization.  The  vertical  transport  at  the  inter- 
face, which  IS  com.puted  from  information  in  the  sigma 
domain  and  on  the  interface,  constitutes  the  lower 
boundary  information  needed  for  the  truncated  grid 
volumes  in  the  isentropic  domain.  With  these  simplifica- 
tions the  system  of  equations  is  complete  for  numerical 
integration. 

b.  Grid  slruclure 

Since  the  e.cperiment  iS  designed  'o  simulate  a 
propagatmg  jet  streak,  the  model  is  applied  to  a zonal 
channel  ~30°  wide  centered  at  45*X.  This  channel  is 
bounded  to  the  north  and  south  by  impervious  free- 
slip  walls,  while  cyclic  continuity  conditions  are  as- 
sumed on  the  longitudinal  boundaries.  Calculations 
are  .r.ade  for  only  one  wavelength. 

The  vertical  structure  of  the  model  .illustrated  in 
Fig.  1 ' is  divided  into  three  regions.  The  sigma  co- 
ordinate boundary  layer,  with  a depth  of  200  mb, 
extends  from  the  earth’s  surface  I ’’  to  the  interface 
(<7=«0i  The  isentropic  domain  foi  the  tree  atmosphere 
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extends  from  the  interface  to  the  475  K iscntropic  sur- 
face which  is  assumed  to  have  a uniform  pressure  of 
50  mb.  With  the  pressure  assumed  to  be  uniform  on  the 
475  K surface,  the  static  stability  measure  dp  d6  is 
horizontally  invariant  f«r  the  layer  from  475  K to  the 
top  of  the  atmosphere. 

The  grids  of  the  isentropic  and  sigma  model  domains 
are  vertically  staggered  to  simplify  the  finite  diUeren- 
cing  of  the  flu.x  form  of  the  equations.  Solid  lines  in  the 
isentropic  domain  are  information  surfaces  for  pressure, 
while  the  dashed  lines  are  surfaces  for  u,  v,  ^p,  ^ and 
6.  In  the  sigma  domain  solid  lir  • below  the  interface 
are  information  surfaces  for  u a .d  r.  The  dashed  lines 
are  surfaces  for  u,  v,  8 and  r.  On  the  interface  <r,  z,  u,  v, 
8,  ^ and  p must  be  specified.  For  these  e.xpcriments,  the 
vertical  spacing  in  the  isentropic  domain  below  355  K 
is  10  K,  while  above  this  level  it  is  120  K.  The  vertical 
increment  of  sigma  is  0.5.  The  horizontal  grid  resolu- 
. -on  is  2/5  km. 

c.  Determinirg  interface  parameters  and  nrface  prissure 

The  grid-point  values  of  8,  u and  v on  tlie  interface 
are  not  predicted  directly  but  are  interpolated  to  that 
level  after  the  predictions  of  Ip,  u,  v and  8,  u,  v are 
completed  in  the  isentropic  and  sigma  domains,  re- 
spectively. The  pressure  on  all  “solid”  isentropic  sur- 
faces below  the  475  K surface  and  an  the  . Uerface  is 
obtained  directiv  by  fhe  downward  vertical  •ntegration 
of  Bp  B6  whiim  is  predicted  from  ,,!!).  Since  the  pre- 
dictic.i  of  Bp  B8  for  the  grid  volume  immediately  above 
the  interiace  includes  die  mass  flu-x  through  the 
interface  the  pressure  tendency  on  the  inter- 

face is  a function  of  the  net  horizontal  mass  divergence 
within  the  isentropic  domain  and  the  net  vertical  mass 
flux  from  the  sigma  mode'  iomain.  Since  e is  deter- 
mined as  a diagnostic  variable  with  the  constraint  of 
constant  /»*,  the  vertical  mass  flux  through  the  inter- 
face is  determined  from  the  net  horizontal  mass 
divergence  between  the  earth's  surface  and  the  inter- 
face and  thus  acts  to  maintain  constant  mass  between 
sigma  surfaces.  Constant  p*  also  implies  that  die  pres- 
sure tendency  at  any  sigma  level  including  the  earth’s 
surface  is  equal  tc  the  interface  pressure  tendency. 
Note  that  by  partk;  differentiation  of  (117),  Bp,  Bt, 
» ..ai3tc  with  a constant  p*  and  the  pressure  ten- 


dency within  the  sigma  domain  is  independent  of  the 
vertical  coordinate.  Therefore,  the  surface  presture 
always  remains  200  mb  greater  than  pg. 

Once  pB  is  determined,  a third-order  interpolation  of 
9 with  respect  to  p from  the  0.25  and  0.75  sigma  sur- 
faces and  the  first  two  solid  isentrop*''  surfaces  above  the 
interface  (Fig.  1)  is  utilized  to  specify  9b-  The  wind 
ccmjonents  are  then  linearly  interpolated  to  the  inter- 
face from  the  0.25  sigma  surface  and  the  first  dashed 
isentropic  surface  above  the  interface  with  respect  to  9. 
Since  the  vertical  motion  through  the  interface  is 
determined  through  a direct  evaluation  of  (12),  these 
methods  provide  for  a smooth  transition  and  unique 
determination  of  mass  and  momentum  between  the 
model  domains,  preclude  spurious  sources  of  the  prop- 
erties and  processes  on  and  near  the  interface,  and 
allow  for  a direct  calculation  of  the  vertical  flux  without 
need  for  parameterization  or  special  adjustment 
procedures. 

d.  Finite  dijerencing:  Spatial 

The  box  method  of  spatial  differencing  (Kurihara 
and  Holloway,  1967)  was  chosen  for  this  model  since 
the  method  conserves  integral  quantities  of  mass, 
momentum  and  energy  with  respect  to  transport 
processes.  The  application  of  this  method  is  relatively 
simple  for  the  free-isentropic  and  sigma  domains  where 
the  lateral  walls  of  the  box  are  located  halfway  between 
the  center  and  the  four  surrounding  grid  points,  and 
the  top  and  bottom  of  the  box  are  “solid”  coordinate 
surfaces  (Fig.  2).  The  flux  of  any  physical  quantity 
through  the  lateral  walls  is  determined  by  calculating 
an  average  mass  transport  vector  and  an  average  x-alue 
fc  a property  at  the  wall  using  grid-point  data  on 
either  side  of  the  wall.  For  e.xampie,  the  flux  divergence 
of  the  physical  property  / in  the  longitudinal  direction 
is 


The  flux  through  the  top  and  bottom  of  each  box  in 
the  sigma  domain  is  determined  by  using  the  product 
of  a,  determined  at  the  solid  surface,  and  the  average 
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Fic.  2.  CroM  secQou  of  grid  box  (left)  used  in  6nite-differesce  scheme  tnd  plan  view  (riabt)  of  box 
OD  dashed  coordmate  sa~fxce.  X is  position  of  grid  points  and  doubted  iinei  are  Intend  walls  of  grid 
bi.'i  '/ith  directiotu  indicated. 
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values  of  the  property  /,  calculated  from  values  at 
grid  points  imme^ately  above  and  below  the  solid 
surfaces.  Since  the  flux  from  one  box  is  exactly  equal 
to  the  flux  into  the  adjacent  box,  interict  flaxes  cancel 
and  net  changes  by  transport  are  du;  solely  to  fluxes 
through  the  boundaries  of  the  model  domain.  With 
impervious  lateral  boundaries  and  cyclic  conditions  in 
the  longitudinal  direction,  conservation  of  integral 
properties  with  respect  to  transport  is  assured. 

In  the  'ower  portion  of  the  free  atmosphere  the  box 
method  is  complicated  b>  truncated  isentropic  grid 
volumes.  A “ truncated”  volume  e.xists  for  the  lowest 
dashed  surface  grid  point  in  each  grid  column  in  the 
isentropic  domain,  and  for  any  volume  where  the  lower 
solid  isentropic  surface  intersects  the  interface  within 
the  2Ax  or  2Ay  interval.  (See  Fig.  15  in  Appendix  B 
where  the  application  of  the  box  method  for  truncated 
grid  volumes  is  discussed.) 

e.  Computation  of  horizontal  gradients  of  the  Montgomery 
streamfunction 

The  Montgomery  streamfunction  is  determined  from 
a vertical  integration  of  the  hydrostatic  equation  (15) 
using  mean  pressure  for  the  integration  interval.  In 
truncated  grid  volumes,  pressure  is  interpolated  to  the 
midpoint  of  the  integration  interval.  The  net  internal 
source  of  momentum  related  to  the  Coriolis  and  pres- 
sure gradient  forces  is  evaluated  at  the  central  grid 
point.  The  gradient  of  ^ is  approximated  by  a standard 
centered-space  difference  in  cases  where  the  dashed 
isentropic  surfaces  do  not  intersect  the  interface  within 
a 2Ax  or  2Ay  grid  interval.  For  surfaces  which  intersect 
the  interface,  the  calculation  of  VtP  is  complicated. 
With  the  hybrid  model  approach,  values  of  P on  isen- 
tropic surfaces  beneath  the  interface  may  be  deter- 
mined by  interpolation  from  the  atmospheric  structure 
within  the  sigma  coordinate  boundary  layer,  rather 
than  by  extrapolations  of  ^ onto  ‘‘underground’’ 
isentropic  surfaces.  Further  details  of  the  interpola- 
tion procedure  are  disciissed  by  Uccellini  et  al.  (1977). 

/.  Finite  diference:  Time 

The  leapfrog  scheme  combined  with  a time  Alter 
developed  by  .Asselin  (1972)  was  used  in  thb  model. 
Bleck  (1974)  and  Haltiner  and  McCollough  (1975) 
demonstrated  that  this  scheme  minimizes  time  splitting 
and  produces  .results  similar  to  thoM  obtained  by  the 
more  stable  Euler  backward  method,  but  at  nearly  half 
the  cost.  To  further  reduce  the  spurious  perturbations 
associated  with  the  leapfrog  scheme,  the  standard  time 
increment  (Al—300  s)  is  initially  divided  by  2'.  This 
modified  time  increment  is  then  doubled  the  first 
seven  time  steps,  keeping  the  initial  field  as  the  first 
time  level.  Once  the  standard  A/  is  reached  and  the 
predictions  for  /»600  s completed,  the  doubling  pro- 
cedure ceases,  and  subsequent  predictions  are  carried 
out  in  the  normal  fashion.  The  properties  of  the 


filtered  leapfrog  scheme  are  examined  by  a one-dimen- 
sional linear  analysis  of  the  advection  equation  by 
Uccellini,  et  al.  (1977). 

g.  Diffusion 

The  large-scale  horizontal  diffusion  is  estimated  from 
the  Laplacian  of  the  generalized  property  (/)  by  the 
Dufort-Frankel  scheme  (Richtmver  and  Morton, 
1967) 

•C/l /+ 1 + /t  / - 1 + /i  + 1 j + /<  - 1. / — 2 (/!.■;  * -h /I.7  ‘ )3 

S ' 

(U) 

which  has  been  modified  to  include  the  filtered  variable 
/I7*  (Bleck.  197-1),  and  where 

v’~KV\D\.  (15) 

The  values  of  K are  specified  for  the  model  e.xperiments 
in  Table  III  (see  Appendix  C).  When  the  isentropic 
surface  intersects  the  interface  within  the  2Xs  or  2Ay 
interval,  the  value  of  f at  the  submerged  grid  point  is 
obtained  by  linear  interpolation  within  the  boundary 
layer.  If  the  submerged  isentropic  surface  also  inter- 
sects the  lowest  sigma  surface  within  the  2A.r  or  2Ay 
interval,  the  value  of  / on  the  lowest  sigma  surface  is 
assigned  as  the  grid-point  value.  The  characteristics 
of  the  Dufort-Frankel  scheme,  including  the  effect  of 
the  time  filter  and  space  truncation  errors,  are  discussed 
by  Uccellini  et  al.  (1977). 

k.  Boundary  conditions 

Lateral  boundarj-  conditions  for  this  model  are 
identical  to  the  physical  conditions  used  in  Gall’s 
model  (1972).  Cyclic  continuity  is  assumed  for  the 
longitudinal  boundaries.  The  latitudinal  boundaries  are 
assumr  J to  be  midway  between  an  exterior  and  first 
interior  row  of  grid  points.  The  free-slip  condition  is 
satisfied  by  requiring  the  u component  at  the  exterior 
and  first  interior  grid  point  to  be  equal.  The  condi- 
tion of  impervious  walls  requires  that  e,  5e,  dt,  dv  dx 
and  dv'  66  must  be  zero.  For  e to  be  zero  on  the  bound- 
ary, V on  the  exterior  row  must  be  equal  to  — e at 
each  grid  point  on  the  first  interior  row.  .As  a result,  the 
E equation  of  motion  on  the  boundary  reduces  to  the 
geostrophic  relation 

fu,—.  (16) 

6y 

Since  flow  along  the  wall  remains  geostrophic,  <f>  on  the 
e.xterior  rows  is  determined  from  the  value  of  u,  on  the 
wail  and  ^ on  the  first  interior  grid  point. 

Including  diffusion  terms  requires  additional  condi- 
tions to  be  imposed  on  the  walls  to  prevent  diffusion 
across  boundaries  from  changing  the  integral  quantities 
of  momentum  and  energy  (Smagorinsky,  1958).  This 
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is  sccomplished  by  setting  all  other  variables  on  the 
exterior  row  equal  to  their  values  on  the  first  interior 
row. 

The  same  conditions  are  used  in  the  sigma  dorrain. 
The  initial  value  of  dy,  set  equal  to  lero  on  the 
lateral  boundaries  of  the  sigma  domain,  remains  time 
independent  from  the  antisymmetric  conditions  as- 
sumed for  the  meridional  mass  transport  9 dp  dd  on 
the  exterior  and  first  interior  grid  points.  With  this 
condition,  the  e equation  of  motion  on  the  boundary 
reduces  to 

dt 

dy 

The  height  r on  the  e.xterior  rows  is  determined  in  the 
same  manner  as  ^ is  in  the  isentropic  domain. 

The  upper  boundars’  conditions  for  the  model  are 
that  the  pressure  on  the  475  K surface  is  time  inde- 


pendent and  the  horizontal  divergence  of  the  adiabatic 
mass  transport  is  assumed  to  be  zero.  With  these 
conditions,  the  tendency  of  dp  dd  vanishes  and  the 
upper  region  remains  barotropic.  As  a consequence  of 
barotropy  and  nondivergence  of  mass,  the  vorticity 
within  the  upper  region  is  conserved  and  no  e.xplicit 
calculations  are  needed  (Gall,  1972h 

These  boundary  conditions  insure  that  no  net 
source  of  mass,  momentum  or  energy  occurs  from  trans- 
port through  the  boundaries.  .4ny  net  source  detected 
in  the  model  experiments  must  be  related  to  physical 
processes  or  numerical  deficiencies  within  the  model 
domain. 

4.  Initial  model  results 

The  initial  h\brid  model  simulations  of  a jet  streak 
propagating  in  a zonal  channel  are  utilized  to  test  the 
feasibility  of  the  hybrid  mode!  approach.  The  specific 
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purpose  of  the  model  experiments  is  Co  demonstrate 
that: 

• The  ph>-sical  properties  are  conserved  for  the 
entire  model  domain. 

• The  vertical  ^change  of  physical  properties 
through  the  interface  does  not  result  in  spurious  sources 
of  mass,  momentum  or  energy. 

• A smooth  transition  of  the  mass  and  wind  fields 
across  the  interface  is  maintained. 

• The  predictive  equations  remain  stable  in  the 
truncated  >sentropic  domain  even  as  isentropic  surfaces 
rise  and  sink  through  the  interface. 

The  assurance  that  numerical  solutions  e.xist  for  these 


6.0  HOURS 


24.0  HOURS 


Fig.  4.  Isotachs  > dashed  lines,  m i~')  for  340  K isentropic 


problems  will  be  estabUshed  before  the  hybrid  approach 
is  applied  to  studies  of  adjustment,  frontogenesis  and 
cyclone  development. 

The  initialization  of  the  model  is  described  in  .Ap- 
pendix C.  The  initial  conditions  were  chosen  to  be 
identical  with  Gall’s  (1972)  model  experiments  for 
comparison  purposes  and  to  assess  the  impact  of  adding 
an  active  sigma-coordinate  boundary  la>er  to  the 
isentropic  model.  .After  a brief  description  of  model 
simulations  of  a propagating  jet  stre^,  the  model’s 
ability  to  conserve  mass  and  to  maintain  a smooth 
transition  between  the  two  model  domains  is  discussed. 
The  model’s  response  to  the  initialization  procedure  for 
grid  points  which  emerge  into  the  truncated  isentropic 
domain  is  also  discussed. 
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a.  Dtscription  of  tkt  modA  simulation  of  a propagating  ind  Petenen,  1977)  with  the  model  w wind  component 
jot  stroak  utilized  for  the  isotach  analysis. 

....  During  Experiment  El,  the  jet  streak  propagated 

The  results  from  the  two  36  h adiabatic  simulations,  eastward  at  rates  which  diminished  from  an  average  of 
one  without  diflusion  (El)  and  the  other  with  diffusion  35  „ ,-1  {„  the  first  12  h period,  to  24  m s'*  for  the 
(K),  are  presented  in  thu  secUon.  The  initial  condi-  12  h period  and  to  18  m s"*  for  the  third  12  h 

tions,  described  in  Appendi.x  C,  are  exactly  ^e  same  for  period,  as  the  maximum  wind  in  the  core  decreased 
both  experiments  (see  Table  HI  in  Appendix  C for  the  ffom  an  speed  of  54.8  to  48.0  m during  the  36  h. 

values  assigned  to  the  initialization  parameters).  The  j^t  streaks  with  maximum  winds  exceeding  the 
initial  wave  and  jet  streak  are  illustrated  in  Fig.  3 by  propagaUon  rate  of  the  streak,  direct  and  indirect 
the  p and  isotach  analyses  on  the  340  K surface  and  by  transverse  mass  circulations  develop  in  the  entrance 
the  vertical  cross  section  through  the  region  of  maximum  (confluenL)  id  exit  (diffiuent)  regions,  respectively 
wind.  The  vertical  cross  section  in  Fig.  3 is  completed  (University  of  Chicago,  1947 ; r.'imias  and  Clapp, 
by  constructing  so.mding*!  at  each  grid  point  and  by  1949;  Bjerknes,  1951;  Rich!  tt  aJ.,  Hurray  and 
using  an  objectr  “ cross  section  program  (Whittaker  Daniels,  1953;  Sawyer,  1956;  Newton,  1959;  Eliassen, 
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Fic.  5.  Surface  etreamlinea  for  model  Experiment  £1.  analyzed  for  the  model  domain  up  to  the  fint  interior  row  of  frid  pointa  along 

the  north  and  south  boundariea. 
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1962;  Reiter,  1963,  1961',  1969;  Cahir,  1971;  Gall,  pattern  with  cyclonic  flow  associated  with  low  pressure 
1972 ; and  Hoskins  and  Bretherton,  1972  among  many  and  anticyclonic  flow  with  high  pressure  that  persisted 
othen).  A manifestation  of  the  transverse  circulations  throughout  the  remaining  24  h of  integration, 
is  the  f6ur*cell  pressure  pattern  which  developed  as  the  Figs.  4 and  5 illustrate  an  apparent  decoupling  be- 
jet  propagated  eastward  (Fig.  4),  a pattern  which  tween  the  upper  tropospheric  jet  streak  and  the  suHace 
diould  be  expected  from  the  quasi-geostrophic  adjust-  pressure  field  by  30  h as  the  streak  continued  propagat- 
ments  in  the  entrance  and  e.xit  regions  of  the  jet  streak  ing  eastward  at  a faster  rate  than  the  surface  low  in 
and  which  favorably  compares  with  Gall’s  model  the  e.xit  region.  During  the  last  18  h of  the  model  simula- 
results.  As  described  by  Reiter  (1967)  and  by  Gall,  tion,  the  along-stream  variation  of  the  u wind  com- 
the  net  mass  transport  from  the  cyclonic  to  anticyclonic  ponent  at  the  jet  streak  level  decreased  from  near  20  to  6 
side  of  the  streak  by  the  indirect  ciretdation  decreases  m s“‘  over  the  position  of  the  surface  low  located 
the  surface  pressure  on  the  cyclonic  side  and  increases  beneath  the  exit  region  of  the  streak.  Since  this  along- 
the  pressure  on  the  anticyclonic  side  in  the  e.xit  region,  stream  variation  of  the  u component  is  a primary  forc- 
In  the  entrance  region  the  reverse  is  true.  The  net  ing  function  for  the  cross-stream  mass  transports 
mass  transport  by  the  direct  circulation  increases  the  (Bjerknes,  1951),  the  overall  development  of  the  suHace 
surface  pressure  on  the  cyclonic  side  and  decreases  pressure  held  should  gradually  diminish  as  the  jet 
the  pressure  on  the  anticyclonic  side  of  the  jet.  The  streak  weakens.  The  coupling  of  the  upper  and  lower 
mutual  adjustment  of  the  low-level  wind  field  to  the  trofXKpheric  circulations  also  weakens  through  the 
surface  pressure  pattern  is  illustrated  by  streamline  reduction  of  the  cross-stream  mass  transport, 
analyses  for  the  0.75  sigma  surface  (Fig.  5).  By  12  h.  The  vertical  velocity  field  (<r)  which  developed  at  the 
the  initial  wave  has  transformed  into  the  basic  four<ell  interface  during  the  first  15  h of  the  model  simulation 


6.0  HOURS  9.0  HOURS 


Fic.  6.  Iiotaclu  (duhed  lines,  m s~‘)  on  340  R isentropic  suHsce  and  i at  interface  .lolid  lines.  10*' 
Shaded  refion  represents  negative  e or  convergence  (C).  unshaded  region  potiuve  i or  divergence  (D). 
oittltiplication  of  this  field  by  g~‘  p’  yields  the  vertical  mass  dux  through  the  interface. 
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(Fig.  6)  shows  a large-scale,  four-cell  pattern  repre- 
senutive  of  propagating  jet  streaks  (Bjerknes,  1951; 
Riehl  « al.,  1952)  and  a transient  feature  stemming 
from  the  geostrophic  initialisation.  The  two  centers  of 
rising  motion  are  generally  associated  with  the  cyclonic 
vortices  while  the  two  centers  of  sinking  motion  are 
generally  associated  with  the  anticyclonic  vortices. 
The  development  of  it  represents,  in  part,  the  vertical 
branches  of  the  transverse  circulations  which  produce 
a sigraficant  e.xchange  of  mass  and  momentum  between 
the  two  model  domains.  The  transient  feature  of  the  9b 
field  is  associated  with  the  boundary  layer  convergence 
sone  which  lies  along  the  anticyclonic  side  of  the  streak 
at  6.0  h.  Daring  the  following  9 h period  this  feature 
propagates  rapidly  southeastward  at  an  average  rate 
of  M m s~'.  By  15.0  h,  the  original  convergence  band 
has  moved  far  ahead  of  the  streak  and  a four-cell 
divergence  pattern  has  redeveloped  beneath  the  streak 
itself.  The  convergent  band  that  rapidly  propagated  to 
the  southeast  appears  to  be  a gravity  inertia  wave 
which  stems  from  the  dynamic  imbalance  between  the 
mass  and  momentum  (^tributions  intitialized  by  the 
geostrophic  appro-ximation  (Chamey,  1955;  Phillips, 
1960).  Both  the  large-scale  and  transient  features  of 
the  divergence  fields  evident  in  this  experiment  were 
similar  to  the  patterns  in  Gall’s  (1972)  experiments. 
Since  Gall’s  (1972)  e.xperiments  were  conducted  with 
an  inactive  boundary  layer  and  no  vertical  exchange  of 
mass  through  the  interface,  the  origin  of  the  gravity 
inertial  wave  is  in  all  likelihood  due  to  geostrophic 
initialization  used  in  both  e.xperiments  and  not  due  to 
the  intitialization  of  emerging  grid  points  in  this 
e.xperiment. 

The  results  from  model  E.xperiment  E2,  designed  to 
test  the  hybrid  model  with  diffusion,  are  basically  the 
same.  With  the  addition  of  diffusion,  the  ma.ximum 
wind  velocity  and  propagation  rate  for  the  jet  streak 
decreased  more  rapidly  than  for  the  nondiffusion 
E.xperiment  El.  The  ma.ximum  velocity  decreased  from 
54.8  to  50  m s~‘  by  12  h,  and  to  43  m s“‘  by  30  h,  as  the 
average  propagation  rate  decreased  from  30  to  18  n s~‘ 
to  12  m s~‘  for  the  first,  second  and  third  12  h periods, 
respectively.  This  change  in  the  character  of  the  jet 
streak,  however,  was  not  reflected  in  the  basic  develop- 
ment of  the  surface  pressure  cells  nor  in  the  vertical 
motion  through  the  interface,  both  of  which  were 
similar  to  the  results  from  E.xperiment  El. 

b.  Comer  :ioH  of  mass  arid  momentum 

.An  important  aspect  of  the  initial  hybrid  model 
e.xperiments  is  to  demonstrate  that  physii^  properties 
are  conserved  with  respect  to  transport  processes  for 
the  entire  model  domain.  Mass  conservation  for  the 
total  as  well  as  for  the  isentropic  domain  can  be  checked 
by  calculating  the  area-weighted  average  pressure  on  the 
interface  Given  hydrostatic  balance  and  the  lateral 
boundary  conditions  specified  in  Section  3h,  and 


Fig.  7.  Avenge  pressure  ^«(mb)  {or  three  isentropic  surfaces. 
The  315  and  305  IC  surfaces  remain  above  the  boundary  layer 
while  295  K intenects  the  boundary  layer. 


must  remain  constant  if  mass  is  conserved.  The  devia- 
tions of  and  p,  from  their  initial  values  of  800  and 
1000  mb  were  less  than  3X  10~*  mb  during  the  entire 
36  h period,  the  magnitude  that  is  expected  from  round- 
off error.  This  respresents  less  than  a 4X 10"^  change 
of  pB  and  p,  m spile  of  significant  mass  transport 
through  the  interface  (Fig.  6). 

Since  isentropic,  iayer-averaged,  hydrostatic  mass 
distribution  is  conserv'ed  under  adiabatic  conditions, 
the  area-averaged  pressure  h*  for  each  isentropic 
surface  chould  remain  constant  whether  it  remains 
above  the  interface  or  intersects  the  sigma-coordinate 
boundary  layer.  The  area-average  pressure  remained 
constant  for  all  isentropic  surfaces  completely  above  the 
interface  but  increased  in  these  experiments  for  isen- 
tropic surfaces  which  intersected  the  interface,  e.g., 
the  mean  pressure  on  the  295  K surface  increased  by 
0.5  mb  over  36  h (Fig.  7).  The  general  increase  of  f 
for  295  K is  related  in  part  to  the  interpolation  of  9 
to  the  interface  and  the  subsequent  interpolation  of  p 
to  isentropic  surfaces  within  the  boundary  layer  and 
truncated  domain.  This  problem  is  accentuated  during 
the  emergence  of  grid  points  into  the  isentropic  domain 
from  the  rigma  boundary  layer.  Note  in  the  results 
(Fig.  71  that  jumps  of  p%  occurred  at  7.  15  and  35  h in 
conjunction  with  the  emergence  of  a grid  point  on  the 
300  K smface.  .Another  factor  in  the  overall  change  of 
for  isentropic  surfaces  which  intersect  the  sigma 
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domain  is  the  truncation  error  involved  with  predicting 

# in  the  sigma  domain  (114).  A finite  form  of  (II4)  does 

not  Constant  mass  between  isentropic  sur< 

faces  within  any  model  e.xpressed  in  sigma  coordinates. 
Thus,  while  mass  is  conserved  for  the  entire  model 
domain,  the  proper  vertical  distribution  of  mass  with 
re^>ect  to  the  isentropic  surfaces  within  the  sigma 
domain  is  not  e.xactly  maintained  even  for  adiabatic 
flow. 

Momentum  budgets  were  utilized  in  the  initial  model 
experiments  to  insure  that  the  vertical  transports  be- 
tween the  two  model  domains  were  matched  exactly 
and  to  check  that  horizontal  transits  between  trun- 
cated grid  volumes  were  also  matched.  A comparison 
of  the  a and  » momentum  tendencies  with  its  forcing 
terms  indicated  a perfect  match  for  all  model  regions. 
The  changes  in  the  a momentum  were  smooth  and 
fluctuated  with  periods  ranging  from  5 to  12  h,  while  the 

* momentum  tendencies  were  more  varied.  Calculations 
of  momentum  and  energy  budgets  were  made  for  the 
sigma  domain,  the  “tnmcated”  isentropic  domain 
immediately  above  the  interface  and  the  “free” 
isentropic  domain  in  which  the  grid  volumes  remain 
entirely  above  the  interface.  Inspection  of  the  contribu- 
tion of  the  individual  forcing  terms  in  each  "lodel 
region  indicated  that  the  net  momentum  changes  in 
each  region  were  domiiuted  by  the  generation  due  to 
the  ageostrophic  wind  component.  Further  details  are 
discussed  by  Uccellini  tt  al.  (1977). 


c.  Efurgy  budget.  Experiment  El 

As  an  independent  check  of  the  model  performance, 
the  kinetic  energy  equations  for  the  isentropic  and 
sigma  domains  are  evaluated  by 
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-|-»(«V^-'-tVH),  (19) 
where  J(<«*-i-»*).  The  vertical  flux  in  (18)  only 


applies  to  truncated  grid  volumes  adjacent  to  the 
interface.  After  integration  over  each  hour,  both  sides 
are  compared  to  check  if  the  tendencies  match  the 
forcing  terms.  For  E.xperiment  El,  net  changes  of  the 
integrated  kinetic  energy  {K)  are  due  to  conversion 
from  the  available  potential  energy  (d)  by  ageostrophic 
winds,  and  by  vertical  fliuc  through  the  interface  in 
the  sigma  and  truncated  regions. 

The  available  potential  energy  (Lorenz,  1935; 
Johnson,  1970) 

X-f f (p*^~J*'')dAd9,  (20) 

is  calculated  ever>'  hour,  where  ^ is  the  area-averaged 
pressure  for  each  layer.  For  adiabatic  e.xperiments,  the 
net  hourly  A changes  should  match  the  K hourly 
changes  e.xactly.  The  method  of  calculating  the  avail- 
able potential  energy  is  discussed  bv  Uccellini  et  al. 
(1977). 

The  comparison  of  the  kinetic  energy  tendencies 
with  the  forcing  terms  indicates  a near  match  for  the 
separate  model  regions  (Fig.  8).  The  kinetic  energy 
tendencies  reveal  an  oscillation  in  the  free  isentropic 
region  with  a period  near  12  h in  response  to  the 
geostrophic  initial  conditions  (Chamey,  1955).  The 
net  kinetic  energy  decreases  in  the  free  and  truncated 
regions  and  increases  a lesser  amount  in  the  sigma 
domain,  resulting  in  a net  decrease  of  K for  the  entire 
model  domain.  The  decrease  of  K in  the  upper  tropo- 
sphere is  reflected  by  the  decrease  in  magnitude  of  the 
jet  streak,  while  the  K increase  in  the  sigma  domain  is 
comddent  with  the  development  of  the  vortices.  The 
kinetic  energy  changes  in  all  three  regions  are  dominated 
by  the  conversion  terms  as  the  net  vertical  transport 
through  the  interface  is  nearly  zero  (Fig.  9).  For  the 
sigma  domain  the  conversion  is  related  to  y v,r 
which  remains  positive  for  the  entire  period  and  offsets 
the  smaller  negative  tendencies  related  to  the  V ' 
term. 

The  available  potential  and  kinetic  energy  tendencies, 
compared  in  Fig.  lOA,  are  in  close  agreement  indicating 
the  net  decrease  of  kinetic  energy  is  being  accounted 
for  by  the  conversion  to  available  potential  energy. 
Thus  the  net  X changM  are  related  to  physical  processes 
and  not  to  numerical  deficiencies.  The  small  differences 
which  exist  result  in  a net  gain  of  the  total  energy  for 
the  first  30  h and  a small  net  loss  for  the  last  6 h (Fig. 
lOB).  The  causes  for  the  differences  may  be  related  to 
the  lack  of  conservation  of  area-averaged  pressures  for 
isentropic  surfaces  which  intersect  the  boundary'  layer 
(Section  4b).  Conservation  of  the  area-average  pressure 
under  adiabatic  conditions  is  a basic  factor  in  the  theory 
of  available  potential  energy.  The  lack  of  conservation 
in  part  stems  from  the  interpolation  of  information 
from  sigma  levels  to  isentropic  surfaces  in  the  boundary- 
layer  and  the  extrapolation  of  9 to  the  earth's  surface 
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Fm.  8.  DiafBwtic  compubaiii  of  kiattic  «nw|y  Undcacy  p«f  unit  um  (g  t~*)  for  ExptrdBcat  El. 
Left  lido  of  Unotic  latrgy  iquMioa  (wild)  tad  ri^  lido  (dtibid)  tn  ihown  for  thiw  nodtl  nifoai 
tad  total  Bodol  doflitia. 


needed  to  calculate  the  available  potential  ener^ 
(Uccellini  « ai.,  1977).  It  may  alio  item  from  implicit 
truncation  of  the  preuure  fiel^  and  potential  tempera- 
ture within  the  sigma  domain.  In  any  event,  the 
deviation  of  the  tot^  energy  (Fig.  lOB)  is  three  orders 
of  magnitude  less  than  the  initial  total  energy  and  is 
considered  to  be  minor  for  integratioiu  of  limited  dura- 
tions. lu  Experiment  E2,  which  included  diffusion,  the 
kinetic  energy  tendency  was  an  order  of  magnitude 
larger  than  in  Experiment  El  and  was  predominantly 
negative.  Significant  changa  in  the  tendency  occurred 
in  the  “free”  and  “truncated”  isentropic  regions  where 
the  tendencies  fluctuated  with  the  same  period  as  be- 
fore, but  remained  negative  throughout.  The  kinetic 
energy  tendency  in  the  sigma  domain  wu  the  same  as 
in  Experiment  El  but  was  relatively  less  important, 
being  a full  order  magnitude  less  than  the  tendencies 
in  the  isentropic  domain  (Uccellini  if  of.,  1977). 

d.  Hodd  ptrformoHC$  <U  th$  inttrfae$ 

Periiaps  the  most  sensitive  region  of  the  hybrid 
model  is  the  interface  and  the  truncated  isentrof  Ic  grid 


volumes  immediately  above  it.  Althou^  predictive 
equations  are  not  evaluated  at  the  interface,  the  vertical 
flu.xes  of  mass,  momentum  and  energy  through  the 
interface  serve  u the  upper  and  lower  boundary 
conditions  for  the  sigma  and  isentropic  domains,  re- 
spectively. These  fluxes,  common  to  the  two  model 
domains,  must  match  e.xactly  to  conserve  the  physical 
properties.  The  vertical  fluxes  of  momentum  and 
kinetic  energy  through  the  interface  are  matched,  as  a 
net  gain  or  loss  in  one  domain  is  e.xactly  offset  by  a net 

lott  or  gain  in  the  other  domain.  The  fact  that  also 
remained  constant  (Section  W)  verifies  that  the  vertical 
mass  flu.xes  calculated  at  the  interface  do  not  generate 
spurious  sources  or  sinks  of  mass.  Thus,  conservation  of 
the  physical  propertim,  with  reject  to  vertical  trans- 
port through  the  interface,  U assured  for  this  hybrid 
model  ^rproach. 

In  other  '"’brid  models,  adjustments  of  predicted 
variables  were  needed  to  maintain  a smooth  transition 
between  model  domains.  Such  adjustmenu  may  lead  to 
spurious  gravity  wave  modes  and  resulting  pressure 
oscillations  (Friend,  1976).  In  this  model  approach,  the 
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KE  FORCINO  - TRUNC 


KE  FORCING  - FREE 


Fra.  9.  Tlw  “(oiciac”  terms  of  kiaetic  eBcrgy  tendency  per  unit  sres  (f  i*')  for  Experiment  El. 

In  si(mn  dommn,  forcinf  due  to  the  V'T.r  term  is  shown  by  short  dsshes.  fotdni  due  to  V- 
term  by  the  lon(  dsshes.  For  truncsted  end  free  isentropic  tetions.  sfeostrophic  forcinf  is  represented 
by  the  short  dsshes 

predictive  equations  are  evaluated  on  either  side  of  the  designed  to  maintain  a smooth  transition  between  the 
interface,  with  new  values  of  9,  u and  s interpolated  to  two  model  domains  without  adjusting  the  solutions  for 

the  interface  level.  This  interpolation  procedure  is  predicted  variables.  Fig.  1 1 portrays  a sequence  of  cross 


Fra.  10.  (A)  .\vsilsble  potential  snergy  per  unit  arcs  tendency  (dashed)  and  oegsuve  kinetic  energy 
per  unit  area  tendency  (solid)  for  total  model  domain  (g  s**)  for  Experiment  El.  iBi  Devistion  of 
total  energy  per  unit  area  (.l+A)  from  initial  value  (.l+Ali-s  (g  *~*)  (or  Experiment  El. 
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Fig.  11.  Sequence  o(  crou  tectioos  nlong  column  13  for  times  6. 12, 18  tad  24  b.  Isentropes,  solid  lines,  isotachs  (m  s~<).  dashed  lines, 

direction  of  flow  is  into  page. 


sections  (6  h apart)  in  the  e:tit  region  of  the  jet  streak 
and  illustrates  the  success  of  the  interface  interpolation 
procedure  in  maintaining  a smooth  transition  of  the 
mass  and  wind  helds  between  the  two  model  domains. 
No  discontinuities  develop  either  in  the  potential 
temperature  or  in  the  isotach  fields  which  intersect  the 
interface  ('>-800  mb\  even  in  regions  where  significant 
vertical  flutes  e.tist. 

«.  Diiignosties  on  the  initialization  of  grid  points  emerpng 
into  tki  isentropic  domain 

Four  grid  points  were  isolated  in  both  model  e.tperi- 
ments  to  test  and  illustrate  the  stability  of  the  predic- 
tive equations  in  difierent  regions  of  the  model.  Grid 
point  1 (300  R surface)  is  located  in  the  truncated  isen- 
tropic region  and  remains  above  the  interface  for  the 
entire  e.xperiment.  Grid  point  2 (290  R surface)  is  also 


located  in  the  truncated  isentropic  region  and  lies 
immediately  below  grid  point  1.  It  emerges  twice  and 
remains  above  the  interface  after  the  second  emergence. 
Grid  point  3 (0,25  o surface'  is  located  in  the  sigma 
domain  immediatel)  below  the  interface  and  below 
the  position  of  grid  points  1 and  2.  These  three  grid 
points  were  chosen  to  illustrate  the  effects  of  the 
initialization  procedure  for  emerging  grid  points  i.Ap- 
pcndi.x  D'  on  the  different  model  regions  near  the  inter- 
face Grid  point  4 (340  K s'crfacc  is  located  in  the  free 
isentropic  region  at  the  jet  streak  level  and  was  chosen 
primarily  for  a comparison  of  the  momentum  tend- 
encies and  wind  components  between  tlie  different 
model  domains. 

Figs.  12  and  13  illustrate  the  momentum  tendencies 
and  wind  component.s  for  the  four  grid  points  and  the 
mass  for  grid  points  1 and  2 for  Experiment  El. 
In  each  figure  the  profiles  of  the  momentum  tendencies 
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Fic.  12.  Crid-point  dufnoctics  for  (rid  point!  1 (frid  point  immedintely  above  the  interface  preceding  emergence  of  grid  point  2) 
and  2 (emerging  grid  point  immediately  below  1),  Eapenraent  El.  .K  and  (T.  « and  t momentum  tendenciej  per  unit  area  (g  f~*  m~‘) ; 
B and  D - a and  t wind  component!  (m  i'*) ; E . preuure  increment  A/  (mb).  In  B,  the  u component  for  grid  point  1 ia  icaled  on  the 
right,  for  grid  point  2 on  the  left. 


are  to  the  left  and  those  of  the  wind  components  and 
mass  are  to  the  right.  The  u component  for  grid  point 
1 (solid  lines,  Fig.  12B1  is  Kaled  on  the  right  border 
and  the  u component  for  grid  tioint  2 (dashed  line. 
Fig.  12B)  on  the  left  border.  This  separate  legend  was 
used  to  preserve  equal  Kaling  over  a different  range  for 
both  wind  components  and  to  compare  the  variability 
of  1-  and  V among  the  grid  points  after  the  emergence 
of  grid  point  2. 

Fig.  12  reveals  the  redistribution  of  mass  during  the 
emergence  of  grid  point  2 into  the  isentropic  domain 
that  is  necessary"  for  mass  conser%-ation  (.\ppendi.x  D). 
The  adjustments  of  the  wind  components  which  insure 
momentum  conservation  produce  an  increase  for  both 
N and  V at  grid  point  1 followed  by  a noticeable  oscilla- 
tion (Figs.  12B  and  12D).  The  wind  changes  force  an 
imbalance  between  the  wind  components  and  the 
pressure  gradient  force,  which  is  evident  by  the  sharp 
ductuations  in  these  momentum  tendencies  at  18  h 
in  El  (Figs.  12A,  12C).  The  amplitude  of  the  inertial 


wind  oscillation  occurring  for  grid  point  1 is  1.5  m s~'. 
With  diffusion  included,  the  amplitude  of  the  ffnetua- 
tions  in  the  momentum  tendencies  and  the  wind  com- 
ponents which  result  ' om  he  emergence  of  grid  point 
2 is  reduced  by  neari>  a third  (Ucceliini  et  al.,  19771. 

The  emergence  of  grid  point  2 is  also  responsible  for 
a sharp  decrease  in  the  m momentum  tendency  for  grid 
point  3,  located  in  the  sigma  domain  (Fig.  13A).  The 
oscillation  in  the  w component  -caches  amplitudes  of 
2 m $*'.  .V  close  inspection  of  the  mterface  pressure 
tendencies  below  the  emerging  gr  d point  and  for  the 
four  surrounding  grid  points  (Fig.  U)  reveals  that  the 
changes  in  the  u momentum  are  a result  of  a rapid 
increase  in  dr  dx,i  part  of  the  east-^»est  pressure  gradi- 
ent force  in  sigma  coordinates.  The  pressure  at  the  grid 
point  to  the  east  increases  by  0.75  mb  in  15  min.  while 
to  the  west  it  decreases  by  1.00  mb  in  20  min. 

The  cause  of  the  sudden  change  in  dr  dx  after  the 
emergence  of  grid  point  2 is  related  to  the  method  by 
which  horizontal  transports  are  calctilated  m the  t run- 
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cated  isentropi':  region.  The  addition  of  grid  point  2 
changes  the  method  of  calculating  transport  at  the 
center  column  from  a “normal”  truncated  box  to  an 
“A2”  truncated  box  (see  Appendix  B).  This  change 
involves  calculating  transports  in  two  grid  volumes 
rather  than  the  one  truncated  grid  volume  prior  to 
emergence  and  utilizing  the  increased  wind  components 
at  grid  point  1 which  result  from  the  adjustment  pro- 
cedure designed  to  conserve  momentum  (Appendix  D). 
The  sudden  change  in  the  method  for  calculating 
transport  at  the  grid  column  after  the  emergence  of 
grid  point  2 combined  with  the  increase  of  the  u 
component  at  grid  point  1 (Fig.  12B)  increases  the  west 
to  east  mass  transport  and  thus  forces  the  spurious 
pressure  gradient  within  the  sigma  domain.  The 
vertical  extent  of  the  oscillation  is  limited  to  the  layers 
adjacent  to  the  new  grid  element.  The  upper  tropo- 
spheric grid  point  (grid  point  4,  Fig.  13)  shows  no  evi- 
dence of  oscillation  after  emergence  of  grid  points  near 
the  interface.  Although  the  magnitude  of  the  oscilla- 
tion is  small,  decreases  rapidly  after  one  cycle  in  this 
e.xperimer.c  and  is  signiticantly  reduced  with  diffusion 
included,  cases  where  large  wind  components  and 
significant  vertical  shears  exist  could  pose  problems. 
The  implementation  of  a time-weighted  transition 
between  the  two  methods  of  calculating  transport  for 
emerging  or  s'. ..merging  grid  points  will  be  tested  in 
future  e.xperiments. 

5.  Summaxy  and  future  research 

Hybrid  models,  which  combine  an  isentropic  repre- 
sentation of  the  free  atmosphere  with  a sigma-coordi- 
nate boundary  layer,  are  designed  to  take  advantage  of 
the  strengths  cf  the  different  coordinate  systems.  The 
packing  of  isentropes  in  barcclinic  zones  increases  the 
vertical  resolution  in  regions  where  Ic  vertical  wind 
shears  exist  and  where  middle  and  upper  tropospheric 
dynamical  processes  tend  to  be  amplified.  Yet,  the 
intersection  of  isentropes  with  the  ground,  the  existence 
of  superadiabatic  and  adiabatic  conditions,  and  the 
general  lack  of  vertical  resolution  near  the  earth's 
surface  in  less  stable  regions  inhibit  incorporating 
boundary  layer  dynamic  and  thermodynamic  processes 
into  isentropic  models  Without  an  adequate  representa- 
tion of  the  boundar\  layer,  isentrop’c  models  are 
limited  in  their  application  to  subsynoptic-  and 
5>moptic-scaie  diagnostics  and  forecasts.  'These  de- 
ficiencies of  isentropic  coordinates  are  avoided  by 
utilizing  sigma  coordinates  wii-hin  the  boundary  layer 
which  maintain  a uniform  grid  spacing  throughout, 
avoid  the  intersection  between  coordinate  surfaces  and 
the  ground,  and  thus  provide  a suitable  framework  for 
incorporating  boundary-ia\  er  processes  into  the  model. 

The  primary  problem  with  h>  brid  models  is  matching 
the  boundary  conditions  across  the  interface  while 
providing  for  ,'uil  interaction  between  the  model  do- 
mains without  introducing  e\traneous  wave  modes 
through  spurious  sources  of  mass,  momentum  or  energ\’ 


The  solution  presented  in  this  paper  matches  bound- 
ary conditions  at  the  interface  using  the  flux  form  of 
the  primitive  equations.  The  model  design  described  in 
this  paper  includes  a vertically  staggered  grid,  which 
provides  for  easy  implementation  of  the  matching 
boundary  conditions  by  direct  calculation  cf  vertical 
transport  through  the  interface  without  need  for  param- 
eterization. The  conservation  of  physical  properties  as- 
sociated with  transport  processes  is  therefore  assured, 
even  in  the  region  of  truncated  grid  volumes  near  the 
interface.  This  grid  structure  also  avoids  the  integration 
of  predictive  equations  on  the  interface  since  the  wind 
and  temperature  distributions  are  determined  by  inter- 
polation between  the  two  model  domains.  This  elimi- 
nates the  possibility  of  predictive  solutions  at  grid 
points  on  the  interface  diverging  from  grid-point 
i elutions  immediately  above,  as  well  as  the  need  for 
artificial  adjustments  to  mamtain  a smooth  t^nnsition 
between  the  isentropic  and  sigma  domains. 

The  initial  model  e.xperiments,  designed  to  test  the 
feasibility  of  the  hybrid  model  approach  and  to  study 
the  model  behavior  near  the  interface,  were  applied  to 
a jet  streak  propagating  in  a zonal  channel.  The 
results  of  these  e.xperiments  with  and  without  diffusion 
show  the  following : 

1)  The  model  appears  stable  up  to  the  lime  of 
termination  without  spatial  filtering  or  diffusion. 

2)  The  model  integrations  of  the  propagating  jet 
Weld  nearly  identical  results  to  Gall's  (19721  model 
e.xperiments  which  did  not  include  an  active  sigma 
boundary  layer  and  correctly  account  for  the  mass  and 
momentum  adjustments  associated  with  a jet  streak  of 
finite  length. 

3)  N'o  spurious  sources  or  sinks  of  mass  occur  within 
the  entire  model  domain,  although  the  correct  vertical 
distrlLution  of  mass  within  the  sigma  domain  is  not 
exactly  maintained.  The  significant  changes  in  mo- 
mentum and  energy  are  accounted  for  by  the  mdividual 
physical  forcing  functions,  while  .minimal  truncation 
errors  stem  from  the  initialization  of  emerging  grid 
points 

4 1 The  vertical  transport  of  mass,  momentum  and 
energy  through  the  interface  from  one  d"itr.ain  is 
exactly  matched  be  transport  into  the  other  domain, 
thus  insuring  the  consep.'ation  of  basic  ph\  sical  proper- 
ties with  respect  to  transport  processes 

5>  smooth  transition  in  the  mass  and  wind  fields 
can  be  mainiained  ac.'oss  the  interface  without  need 
for  artificial  adjust.ments. 

6<  The  initialization  of  emerging  gna  points  in  the 
trunexted  isentropic  region,  based  on  a redistribution 
of  mass  and  momentum  that  satisfies  conserx-ation 
principles,  results  in  pressure  and  wind  perturbations  in 
the  truncated  grid  voiumes  and  the  sigma  grid  \ o,ames 
below.  These  perturbations  associated  with  the  suoaen 
imbalance  between  the  wind  and  mass  fieids  are  due  to 
the  change  in  mef.hods  of  calculating  transports  :n  the 
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truncated  region  that  result  from  having  different 
types  of  grid  elements  before  and  after  grid  point 
emergence.  The  nonconservative  adjustments  of  the 
energy  distribution  ^ also  contribute  to  an  artificial 
imbalance  between  the  mass  and  wind  fields.  Although 
the  perturbations  are  stable  and  quickly  damp,  the 
need  to  initialize  grid  points  in  the  sensitive  model 
region  above  the  boundary  layer  is  a problem  with 
hybrid  models  which  merits  further  attention. 

In  general,  the  three-dimensional  hybrid  model  ap- 
proach is  feasible  and  can  be  applied  to  study  a variety 
of  atmospheric  phenomena. 

Future  model  e.xperiments  should  include  testing 
alternative  techniques  for  the  initialization  of  emerging 
grid  points  and  the  calculation  of  the  pressure  gradient 
force  for  partially  submerged  grid  volumes  in  an  effort 
to  reduce  the  magnitude  of  spurious  pressure  and  wind 
perturbations.  While  the  fiu.x  form  of  the  equations 
utilized  in  this  model  insures  conser\*ation  with  respect 
to  transport  processes  (i.e.,  convective  flu.x),  the  finite- 
difference  techniques  for  the  computation  of  the  pres- 
sure and  viscous  forces  do  not  insure  conservation  with 
respect  to  the  nonconvective  flu.\  of  momentum  and 
energy  at  the  interface  (Johnson.  1977\  Finite-differ- 
ence forms  for  the  pressure  and  viscous  forces  that  insure 
conservation  with  respect  to  nonconvective  dux  across 
the  interface  as  well  as  for  truncated  grid  volumes 
should  be  tested.  Terrain  will  also  be  added  in  an  effort 
to  ascertain  the  strengths  and  weaknesses  of  the  hybtid 
model  approach  for  mountainous  regiotu.  Moist 
thermodynamics  will  be  added  and  the  boundarx'  layer 
should  be  improved  by  adding  sensible  heating  and  a 
realistic  parameterization  of  friction.  The  improvements 
will  be  important  for  future  studies  of  the  three- 
dimensional  mass  and  momentum  adjmtments  as- 
sociated with  propagating  jet  streaks,  frontogenesis 
and  cyclone  evolution. 
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APPENDIX  A 

List  of  Symbols 

A.  Gtntfol 


U two-dimensional  hcriaontal  wind  vKtor 

tt  wind  component  in  x direction 

e wind  component  in  y directitm 

/ Coriolis  parameter 

p pressure 

T Exner  function  C “ « » (F  ' Fw)*] 

a radius  of  earth,  also  incremental  distance  m 

App.-ndix  B 
^ latitude 

T temperature 

fi  density 

9 potential  temperature 

dA  latitude  grid  increment 

longitude  grid  increment 
Jacobian  transformation  to  modified  spheri- 
cal mop  (a*  cos#  co*tS*)3 
Q latent  heat 

F„  F,  generalized  friction 
A grid  length 

K integrated  kinetic  energy;  also  propor- 

tionally cor.stant  for  eddy  diffusivity 
.4  available  potential  energy 

D deformation 

» viscosity  coefficient 

dL  line  integral 


/ dA  area  integral 

■>A 

n unit  normal  vector 

B.  Is*niropic  domain 

fiJt  Jacobian  transformation  [■  — I 'g(dy  dd)] 

Sp  pressure  difference  between  isentropic  sur- 

faces 

+ Montgomery'  streamfunction 

i d$  di 

6,  Sl  upper  and  'ow<r  limits  of  vertical  integra- 

tion 

S mean  potential  temperature  for  truncated 

layers 

C.  SigmA  domain 

aJ.  Jacobian  transformation  [«  1 %{dp  <?«■)] 

p*  %J„  set  equal  to  200  mb 

t height 

<r  normalized  pressure  coorthnate  in  boundary 

layer 

a do  dt 

D.  Snbscripti 

T top  of  mode! 

s earth  '$  surface 

B interface 


if)  general  physical  property 

momentum,  energy! 


(e.g.,  mass. 
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generalized  coordinate 

0 

central  grid  point 

1,  2,  3,  4 

east,  north,  west,  south  grid  points 

hj,  * 

row,  column,  vertical  indexes 

£.  Initialization 

Y 

width  of  model  domain 

X 

length  of  model  domain 

yo 

center  of  channel 

y* 

special  scaling  factor  to  enhance  barodinic 
structure  in  the  middle  of  the  channel 

y 

lapse  rate  — dT/ds] 

y* 

dry  lapse  rate 

7 

mean  initial  lapse  rate  at  various  levels 

Ay 

amplitude  of  wave  for  initial  lapse  mtes 

?. 

mean  surface  potential  temperature 

AB. 

amplitude  of  wave  for  initial  surface  po- 
tential temperature 

A 

coefficient  which  influence  initial  north- 
south  potential  temperature  gradient 

B 

coefficient  which  determines  amplitude  of 
initial  wave 

F.  Constants 

Cf  sp<fcific  heat  capacity  of  dry  air  at  constant 

pressure 

reference  pressure  (1000  mbl 
R4  gas  constant  for  dry  air 

* Rdic, 


APPENDIX  B 

Application  of  Box  Method  to  Truncated 
Grid  Volumes 

Fig.  15  illustrates  several  e.xamples  of  truncated  bo;tes 
located  around  grid  point  X(i.»).  The  mmcated  bo.c 
extends  from  the  interface  to  the  upper  “solid”  surface 
in  all  examples.  The  flux  through  the  left-hand  side  of 
the  box  is  determined  by  a modification  of  the  averag- 
ing technique  described  above.  The  flutes  are  calculated 
from  the  products  of  Ap  between  the  interface  and  the 
upper  “solid”  surface,  and  a linearly  interpolated  value 
of  u,  » and  the  property  (/)  to  a mean  isentropic  level 
(?)  for  each  grid  column.  Note  that  in  this  determination 
of  Ap,  the  lower  solid  isentropic  surface  immediately 
above  the  interface  has  no  role  in  these  calculations  and 
is  essentially  ignored.  The  flux  through  the  wall  is 
then  determined  using  the  averaging  technique  de- 
scribed earlier.  The  same  procedure  is  applied  to  the 
right  side  of  the  grid  volume  where  either  the  bottom 
“solid”  surface  or  both  the  bottom  and  the  “dashed” 
surface  intersect  as  (cases  .\1  and  .\2 ; Fig.  15). 

When  the  top  of  the  grid  volume  centered  at  X(i,o> 
(case  A3;  Fig.  15)  also  intersects  the  interface  within 
the  2Ax  region,  the  flux  through  the  wall  is  determined 
by  a linear  extrapolation  of  the  flux  which  e.xists  at  the 
center  grid  column.  In  the  e.xample  in  Fig,  15,  the  flux 
through  the  right  wall  is  given  by 


[(Ap«)(7)]n*at  wui 


rCU^)(/)] 

[DX] 


c*ni«r  eoiuoAt 


(21) 


Fio.  15.  Examples  of  "truncated”  isentrooic  boris  that  require  modincauon  of  finite 
differendng.  Top  left  shows  an  e.tample  of  truncated  box  located  at  xa.ai  with  as 
lower  boundary.  .-Ki,  A|  and  .^1  are  examples  of  truncated  boxes  where  isentropic  sur- 
faces within  an  isentropic  grid  volume  centered  at  x,i  » intersect  the  lower  boundary  r§. 
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where  CDXJ  is  the  distance  from  the  grid  point  on 
the  interface  directly  below  the  central  grid  point  of 
the  box  to  the  point  where  the  top  surface  and  the  inter- 
face intersect.  The  incremental  distance  a,  the  length 
between  the  grid  wall  and  the  point  of  intersection,  is 
given  by 

o-([DX]-iAx).  (22) 

If  a^O,  the  top  surface  intersects  within  the  box  itself 
and  the  flux  through  the  right  side  is  set  equal  to  zero. 

For  cases  A2  and  the  transport  through  the  right 
wall  has  to  be  accounted  for  in  the  adjacent  box 
located  about  X(j.i)  (Fig.  IS)  to  insure  the  conservative 
nature  of  the  method.  This  is  accomplished  by  sp>ecify- 
ing  the  transport  through  the  left  wall  of  the  adjacent 
box  as  the  sum  of  the  individual  transports  cal- 
culated to  the  right  of  X(t.o)  and  X(t.o)-  This  does  not 
imply  the  e.xistence  of  mass  transport  through  isen- 
tropic  surfaces  but  only  horizontal  transport  from  two 
grid  volumes  to  an  enlarged,  adjacent  grid  volume  for 
which  the  mass  and  momentum  tendencies  are  rep- 
resented at  grid  point  Xd.i,. 


APPENDIX  C 
Initialization  of  Model 


The  basic  structure  for  the  initialization  of  the  hybrid 
numerical  model  is  identical  to  Gall’s  (1972)  model  for 
a jet  streaJe.  However,  in  this  application,  provisions 
had  to  be  developed  to  e.xtend  the  baroclinic  structure 
throughout  both  domains  of  the  model.  The  initial 
structure  for  the  atmosphere  was  specified  by  the  surface 
distribution  of  potential  temperature 


^(y-yor 

, tanh  , 

I y*  L 


and  the  lap§e  rate  distribution 


7"*7o+A-y  tanh 


y.  I- 


(23) 


. (24) 


where  the  subscript  0 indicates  values  at  the  center  of 
channel,  and  the  amplitudes  are  speafied  by 
A and  B (see  Table  III).  A scaling  parameter  y,  com- 


pacts the  baroclinic  structure  to  the  center  of  the 
channel. 

In  this  mojel  the  surface  potential  temperature  is 
applied  to  the  lower  boundary  1,  while  the  vertical 
variation  of  the  potential  temperature  within  the  sigma 
domain  is  specified  by  vertically  integrating 

(2J) 

dv  p ' 74  ' 

A uniform  pressure  distribution  of  1000  mb  at  the 
earth's  surface  was  assumed  for  the  initial  structure. 
The  height  z is  initialized  in  the  sigma  domain  from  the 
hydrostatic  relation  (II6).  Although  in  these  prelimi- 
nary e.xperiments  the  height  of  the  earth’s  surface  was 
assumed  to  be  zero,  topography  could  be  included  with- 
out significant  modification. 

In  the  isentropic  domain,  the  pressure  was  determined 
by  vertically  integrating 

(26) 

39  J?4^(T4— 7) 

up  to  isentropic  level  3 (see  Fig.  1)  where  the  lapse  rate 
7 is  specified  by  (24).  The  layer  between  levels  2 and  3 
was  assumed  to  be  a transition  region  between  the 
troposphere  and  stratosphere  (see  Fig.  1).  The  pressure 
distribution  within  this  layer  and  above  was  prescribed 
by  alternate  methods  to  insure  a realistic  decrease  of 
wind  Sp-eed  with  elevation  in  the  stratosphere,  thereby 
restricting  the  jet  maximum  to  the  tropopause  region 
(Uccellini  el  al.,  1977). 

With  the  mass  distribution  specified  in  both  model 
domains,  the  winds  were  initialized  by  the  geostrophic 
approximations,  which  are  then  utilized  to  initialize 
j in  the  sigma  domain. 


APPENDIX  D 

Conservation  of  Physical  Properties  for  Isentropic 
Surfaces  Which  Move  through  the  Interface 
and  for  Folding  Isentropic  Surfaces 

During  the  course  of  a model  experiment,  isentropic 
surfaces  may  rise  or  sink  through  the  interface  resulting 


Tasix  m.  InitialuadoD  panmeten  and  difusion  coefficient:  t,  it  the  potendal  temperature  at  earth’s  turface, 
K the  propordonalitv  cooitaat  for  the  eddy  diffiusivity. 


Longitudinal 

Ladtudinal 

Experiment 

1. 

OS, 

7 Av 

amplitude 

amplitude 

Diffusion 

«,<*<315  K 

ff:-O.OforEl 

5.0X  10-<  -0.68X  10* 

El  *E2 

285 

5.4 

3I5<«<540  K 

-4-5.0 

S~2.il 

X-O.l  for  E2 

S.0X10-*  -M.40X10* 
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in  n gnin  or  Iom  of  grid  points  in  the  isentropic  domsin. 
When  this  occurs,  specinl  artiiicinl  adjustments  must 
bo  made  to  redistribute  mass  and  momentum  among 
grid  volumes  to  insure  that  mass  and  momentum  are 
conserved. 

If  the  potential  temperature  of  the  solid  surface 
becomes  leu  than  the  interface  potential  temperature, 
a grid  point  is  lost  u the  surface  drops  below  the  inter- 
het.  In  this  case,  the  pressure  value  stored  at  that  point 
Is  set  equal  to  a predetermined  value  which  serves  to 
flag  submerged  grid  points.  If  the  potential  temperature 
difference  between  the  top  of  a truncated  grid  volume 
tnd  the  interface  e.Tceeds  10  K,  a grid  point  on  a solid 
lurface  rises  through  the  interface.  The  initial  preuure 
for  the  emerging  grid  point  is  specified  through  linear 
interpolation  between  the  preuures  and  potential 
temperatures  of  the  interface  and  the  overly-ing  isen- 
tropic surface. 

U a grid  point  on  a dashed  surface  “ drops  ' below  the 
interface  (Fig.  16A),  the  mau  and  momentum  values 
sf  the  truncated  volume  predicted  at  the  submerged 
grid  point  (1,0)  are  preserved  by  adding  these  quanti- 
tiu  to  the  grid  volume  (2,0)  immediately  above  by  the 


adjustments 


(Ap)t.#+  vA^)i.», 

(27) 

(AFu)I,o“  (Ap«)  1,0-1-  (Apu)t,o, 

(28) 

which  require  that 

, (Apw)i.|-l-(AFM)r.e 

(AF)lo 

(29) 

where  the  uterisk  variable  represents  an  adjusted 
value,  while  the  non-asterisk  variable  represents  the 
value  predicted  immediately  before  adjustment.  An 
analogous  adjustment  is  made  for  r*.  After  the  adjust- 
ments are  completed,  ^Pn.o),  m^.oi  and  V(i.o)  are  flagged 
as  submerged  grid  point  values.  This  does  not 
represent  a physical  vertical  transport  of  mass  and 
momentum  through  an  isentropic  surface  but  a re- 
specification of  the  phvsical  properties  for  a grid  point 
X().o)  now  representing  an  enlarged  truncated  volume. 

When  a dashed  surface  “emerges”  (Fig.  16B), 
phvsical  properties  must  be  redistributed  between  two 
grid  points  in  a truncated  grid  volume  in  which  only  the 


A 


Fio.  16.  Grid  point  Xd.n  on  ''daibad”  iteatrepic  surface  reprtMntiaf  grid 
volunM  1.  (A)  iubmaiglai  into  th«  boundary  layer;  (B)  ernerfinf  from  the 
boundary  layer.  ia  a grid  point  rep reten ting  grid  volume  2 immediately 
above  giM  v^ume  1. 
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grid  point  (2,0)  existed  before  the  emergence  of  (1,0), 
The  situation  is  complicated  b>  the  need  to  initialize 
values  oi  Ip,  u and  v for  three  time  levels  so  the  pre- 
dictive equations,  appro.ximated  by  the  filtered  leap- 
frog Kheme,  can  be  solved  at  the  i.ew  grid  point.  A 
value  for  at  the  emerged  grid  point  (1,0)  is  deter- 
mined by  a redistribution  of  mass  predicted  at  the 
(2,0)  grid  point  (see  Fig.  16B).  This  redistribution, 
dependent  on  the  ratio  of  the  vertical  e.xtent  of  the  new 
grid  volume  (A^O  to  the  vertical  extent  of  the  entire 
volume  (ASt),  is  accomplished  by 

. 

(A^)i,o*“  (A^)i,a — . (30) 

The  u wind  component  (u*  j)  is  initialized  by  assigning 
ub,  the  interface  value,  to  the  new  grid  point.  To 
complete  the  adjustment  within  the  two  grid  volumes 
and  to  ir  e mass  and  momentum  conservation,  new 
values  arc  assigned  to  the  (2,0)  grid  point  by 

(Ap);„-(A^):.»-(A^)t„  (31) 

(A^)i.o-  (AJtw)*,,  (32) 

which  requires  that 

. (A/>«)m)— (A;>u)Io 

: • (33) 

(A/»)!,|) 

•An  analogous  approach  is  used  to  determine  r*.  This 
procedure  is  also  applied  to  initialize  ip,  u and  e 
at  point  (1,0)  and  adjust  the  parameters  at  (2,0)  for 
the  two  previous  time  increments  using  the  same  ratio 
(ASi  A^;)  throughout.  This  step  simply  divides  an 
enlarged  truncated  grid  volume  into  a regular  volume 
and  a smaller  truncated  volume  and  does  not  imply  a 
vertical  transport  of  properties  through  isentropic 
surfaces. 

Deaven  (Id'o)  discussed  the  need  to  check  for  folding 
isentropes  and  deep  adiabatic  layers  to  preserve  the 
stability  of  the  model  integrations.  In  this  model,  a 
limit  is  set  to  maintain  A^  S8  within  the  range  0.1  and 
300  mb  If  adjustments  have  to  be  made  to  set 
A^'Atf  within  the  limits,  mass  is  redistributed  in  the 
vertical.  In  this  way  the  pressure  tendency  from  the 
interface  to  earth's  surface  remains  unaffected  and 
generation  of  spurious  oscillations  is  minimized. 
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ABSTRACT 

On  IS  September  (974,  a cloud  cluster  growing  in  the  GATE  ship  airay  was  examined  using  aircraft 
fiying  close  to  one  another  at  diflerent  heights,  the  geostationary  satellite  SMS- 1,  and  radar,  rawinsonde 
and  ship  data,  with  a view  to  elucidating  mechanisms  of  convection.  In  this  paper  we  concentrate 
analysis  on  cloudy  convection  in  the  moist  layer. 

In  and  above  southerly  surface  monsoon  flow  approaching  the  cluster,  clouds  indigenous  to  the 
moist  layer  took  the  form  of  rows  of  tiny  cumulus,  and  of  arcs  of  cumulus  mediocris,  with  patterns 
different  from  those  of  deeper  clouds.  From  satellite  visible  images,  arcs  were  traced  for  penods 
exceeding  2 h.  Airborne  photography  showed  that  the  arcs  were  composed  of  many  small  clouds. 
Radar  data  showed  that  they  onginated  after  precipitation.  Apparently,  throughout  their  life  cycle, 
they  perpetuated  the  pattern  of  an  initiating  dense  downdraft.  Eventually  they  yielded  isolated  cumulus 
congestus.  again  bearing  precipitation.  Aircraft  recorded  the  distribution  of  thermodynamic  quanti- 
ties and  winds  at  altitudes  within  the  mixed  layer,  and  at  5J7  and  1067  m.  These  data  indicated  that  the 
arcs  persisted  as  mesoscale  circulations  dnven  by  release  of  latent  heat  in  the  clouds,  rather  than  being 
dnven  by  the  original  density  current  at  the  surface.  The  cloudy  circulations  were  vigorous  near  and 
above  cloud  base,  becoming  weaker  upward  through  alutude  1 km.  The  entire  mesoscale  circulauon 
systems  were  of  horixontal  scale  roughly  40  km. 

The  mesoscale  cloud  patterns  of  the  moist  layer  appeared  to  play  a primary  role  in  heat  transfer  upward 
within  this  layer,  and  contributed  to  the  forcing  of  showering  midtroposphcnc  clouds. 


1.  Introduction 

The  Atlantic  Tropical  Experiment  of  the  Global 
Atmospheric  Research  Program  (GATE)  was 
centered,  on  an  area  near  S.^’N,  22.5*W  during 
summer  1974.  On  18  September  1974  (day  261)  a 
growing  cloud  cluster  was  monitored  using  the 
satellite  SMS-1,  ships  and  aircraft.  A preliminary 
synthesis  of  observations  of  this  cluster  was  given 
by  Warner  .;/.  ( 1977).  Suchman  and  Martin  ( 1976) 
included  data  from  day  261  in  an  assessment  of  wind 
measurements  by  satellite  tracking  of  clouds,  and 
Suchman  et  al.  (1977)  have  given  a preliminary 
description  of  the  evolving  circulation  of  the  cluster. 
Warner  and  .Austin  (1978)  have  described  statistical 
aspects  of  radar  echoes  of  the  cluster.  As  will 
be  seen  in  Section  4.  much  of  the  shallow  con- 


' Present  affilietion'.  Goddard  Laboratory  for  .Mmosphenc 
Science.  NASA.  Crcenbelt.  MD  20771. 


vection  associated  with  the  cluster  was  organized 
in  a manner  very  different  from  the  deep  convection. 
It  is  the  purpose  here  to  describe  the  shallow  con- 
vection in  the  lowest  2-3  km  of  the  moist  layer 
south  of  the  cluster,  which  contained  the  surface 
monsoon  air  flowing  northward  toward  the  cluster. 
Warner  et  al.  (1980)  treat  the  deep  convection. 
These  papers  are  condensed  from  a detailed  report 
(Warner  ef  al..  1978).  A future  treatment  will  show 
how  the  cluster,  occurring  in  relatively  undisturbed 
conditions,  was  related  to  activity  on  larger  scales. 

A miyor  GATE  objective  is  to  assess  the  interac- 
tions of  air  motions  on  different  scales.  This  paper 
documents  interactions  between  clouds  indigenous 
to  the  moist  layer  and  clouds  of  the  mid-troposphere, 
and  describes  related  events  in  (he  subcloud  layer. 
An  attempt  is  made  to  assess  the  role  of  the  moist 
layer  clouds  in  vertical  exchanges  of  energy.  The 
paper  is  chiefly  concerned  with  arcs,  the  reader 
may  like  first  to  inspect  the  final  figure — a schemauc. 
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Tabli  t . TimM  (GMT)  of  pMs«(c  of  the  lircraft  at  the  corners  of  the  box  circuit,  deflned  by  latitudes  8*34'  and  9*56'  N , and  longitudes 
21*2'  and  22*23'W.  (The  north  leg  was  flow-,  woin  west  to  east,  then  east  to  west,  in  succession.) 

Aircraft 

Altitude 

(m) 

Comer 

D,  (NE) 

0,(SE) 

D,(SW) 

D.  (NW) 

Sabreliner  (NCAR) 

12500 

1554 

1607 

1618 

1631 

1341 

1400-03 

1422-24 

1444-47 

US4:i30  (NOAA) 

5800 

1505-12 

1721 

1701-1645 

1555-32 

1533-31 

1343 

1409-11 

1436 

1502-04 

OC-6  (NOAA) 

1067 

1528-32 

1727 

1702-1659 

1635 

1608-1558 

1342 

1406-10 

1433-37 

1459-1502 

Electra  (NCAR) 

537  A 35 

1524-  28 

1717 

1654-52 

1623-19 

1555-52 

1358 

1421-25 

1447-1501 

1524-27 

UK4:i30 

238  A 52 

1549-53 

1751 

IT29-25 

1703-1656 

1633-16 

Black  (1978)  shows  satellite  photographs  of  two 
arc  patterns  which  he  associates  with  large  cumulus 
clouds.  That  in  Black's  Figs.  9 and  10  may  have 
been  similar  in  nature  to  the  arcs  described  here. 
Black  calls  for  coordination  of  satellite  and  ground- 
based  data.  Here  we  provide  this,  and  obtain  a view 
of  the  arcs  as  self-perpetuating  mesoscale  entities, 
arising  from  and  bearing  the  pattern  of  an  initiating 
cold  air  outflow  concomitant  with  rainfalf,  and 
eventually  yielding  isolated  cumulus  congestus, 
again  bearing  rain. 

After  a brief  description  of  sources  of  data  in  Sec- 
tion 2,  a representative  aerological  sounding  is 
shown  in  Section  3,  and  maps  of  both  shallow  and 
deep  clouds  in  Section  4.  Arc  patterns  in  the  moist 
layer  are  traced  in  Section  5;  they  showed  per- 
sistence over  2 h.  Aircraft  traverses  through  arcs 
are  examined  in  Section  6,  aircraft  soundings  and 
surf-^ce  conditions  in  Section  7 and  turbulent  fluxes 
in  Section  8,  to  throw  light  on  how  the  arcs  persisted 
and  on  the  nature  of  the  air  circulations  associated 
with  them.  A summary  is  given  in  Section  9 and 
conclusions  are  drawn  in  Section  10. 

2.  Sources  of  data 

<2.  Aircraft  data 

Five  aircraft  simultaneously  boxed  a square  of 
side  ISO  km  which  encompassed  towers  of  the 
cluster.  The  different  aircraft  and  flight  altitudes,  and 
the  times  of  passing  the  box  comers,  are  given  in 
Table  1.  The  first  box  circuit  was  accomplished 
between  1340  and  1550  GMT  by  three  aircraft  in 
the  low-level  moist  layer  (up  to  2.3  km)  and  one  at 
~6  lun,  the  second  between  1550  and  1750  GMT 
with  an  additional  aircraft  at  altitude  12.5  km.  The 
aircraft  measured  thermodynamic  and  wind  data.  All 


but  the  lowest  carried  time-lapse  movie  cameras; 
cloud  maps  were  made  using  the  methods  of  Ronne 
(1959)  and  Warner  (1978).  Turbulent  heat  fluxes 
were  obtained  from  a gust  probe  on  the  DC-6 
(Bean  era/..  1976). 

b.  Satellite  data 

From  the  geostationary  satellite  SMS-1,  visible 
and  infrared  images  with  resolution  - 1 km  and  8 km. 
respectively,  were  obtained  every  15  min,  and  used 
for  following  cloud  developments  and  obtaining 
winds  by  cloud  tracking  (Suchman  and  Martin,  1976). 

c.  Radar  data 

Precipitation  echoes  were  recorded  digitally  by 
the  5 cm  radar  aboard  the  Canadian  ship  Quadra, 
situated  near  9“3'N,  22‘’36.5'W.  This  radar,  and  the 
data,  have  been  described  by  Warner  and  Austin 
(1978).  A three-dimensional  scan  cycle  was  com- 
pleted every  5 min  except  during  the  period  1448- 
1614  GMT. 

d.  Rawinsortde  data 

Soundings  from  ships  of  the  GATE  B and  A/B 
scale  arrays  have  been  used  in  this  study,  in  their 
original  form  as  supplied  by  the  Center  for  Experi- 
ment Design  and  Data  Analysis  (NOAA). 

e.  Ship  data 

Thermodyna  'nic  and  wind  data  from  the  booms  of 
the  ships  Dallas  (at  8*32' N,  22*3 1'W)  and  Oceanog- 
rapher (at  7*44'N,  22*14' W)  were  compared  with  the 
all-sky  movies  taken  aboard  these  ships.  Profiles 
from  the  Dallas  boundary  layer  instrument  system 
((BLIS)  Garstang  er  a/..  1977]  were  examined. 
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Fig.  I.  1629  GMT.  Echoes  from  the  QuaUra  radar,  situated  near  9*3'N,  22*36  3'W, 
Antenna  elevation  0.35*.  Maximum  range  210  km.  Minimum  range  20  km  (limited  by 
clutter  from  the  sea).  Contours  of  reflectivity  at  the  thresholds  16.  24  and  35  dB  above 
I mm*  m'*  (dBZ) — equivalent  to  rainfall  at  about  0.3,  1.3  and  9 mm  h'',  measured  by 
averaging  over  bins  of  area  18  km*.  The  box  was  that  flown  by  the  aircraft.  The  cloud 
cluster  was  growing  in  the  east  half  of  the  box.  Digits  refer  to  heights  (km)  of  echo 
cores  of  reflectivity  reaching  29  dBZ. 


> radar  view  of  the  cluster,  showing  the  positions 
of  the  aircraft  circuit  and  of  the  ships,  is  given  in 
Fig.  1. 

3.  A rawinsondc 

The  1300  GMT  Oceanographer  sounding,  shown 
in  Fig.  2.  appears  to  have  been  representative  of 
undisturbed  conditions  southwest  of  the  growing 
cluster,  which  was  propagating  slowly  southwest- 
ward  at  -'2.3  m s"‘.  In  the  sounding,  several  layers 
characteristic  of  the  marine  tropical  atmosphere 
(Riehl,  1934)  can  be  identified.  The  moist  layer 
reached  -2.2  km.  It  contained  a mixed  layer  of 
depth  roughly  500  m.  Surface  winds  at  the  Oceanog- 
rapher reached  6-7  m s”'  from  the  south.  The 
moist  layer  was  capped  by  a stable  layer,  where  the 
air  was  very  dry  and  winds  were  ligm  and  from  the 
northeast  or  east. 

At  -4.5  km  (600  hPa),  the  air  was  moist.  In  this 
humid  layer  the  winds  were  northerly  at  -6  m s*'. 


and  the  stratification  was  conditionally  unstable. 
There  was  a stable  layer  at  5 km.  (There  were 
many  stratus  and  stratocumulus  patches  ai  -2.3 
and  5 km.) 

Above  6 km  the  air  was  dry,  with  easterlies  that 
persisted  up  to  8 km,  at  7 m s'*  in  this  dry  layer. 

4.  Cloud  maps  from  the  first  circuit 

The  cloud  maps  shown  in  Fig.  3 were  obtained 
using  a 33  mm  side  camera  on  the  US-C130  (with 
black  and  white  film),  and  a 16  mm  camera  in  the 
nose.  The  aircraft  flew  at  -130  m s"’,  and  photo- 
graphs were  taken  every  3 $ (or  -630  m).  Mapping 
was  based  chiefly  on  the  Cl 30  right  side  camera, 
and  followed  the  method  described  by  Ronne  ( 1959). 
For  an  aircraft  flying  steadily  past  a cloud  with  a 
side-pointing  cinr-camera  of  constant  frame  rate, 
the  range  of  the  cloud  is  nearly  proportional  to  the 
time  or  the  number  of  frames  of  film  required  for 
it  to  pass  across  the  field  of  view.  If  the  position  of 
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Fio.  2.  1300  QMT.  Ttphifreiii  from  Octanotnphtr  litumttd  at  7*44'N, 
22*I2’W.  Solid  linu:  dtw  point  (Tt)  *Ad  ttfflp«ratun>  (D;  dashad  lint:  moitt 
adiabat  (of  com  tarn  Roiiby't  f().  Vattical  icala  is  hci|ht  (km)  abova  the  sea. 
Plight  levels  of  the  airci^  are  indicatad.  Winds  are  shown  every  300  m, 
with  one  barb  ■ 3 n s'*.  Level  of  ttny  cumulus  cloud  is  indicated. 


the  lircnft  is  known  for  any  arbitrarily  chosen 
firame,  then  the  cloud  position  may  be  plotted  on  a 
plan  view  map.  The  position  of  the  aircraft  was 
known  to  a nominal  precision  of  2-4  km  by  inertial 
navigation.  The  plotting  technique  wu  of  com- 
parable accuracy  (Snow  tt  al.,  1975).  To  And  the 
height  of  a cloud  element,  its  elevation  wu  meu- 
ured  relative  to  the  horizon;  its  height  then  fol- 
lowed from  the  range.  Goud  heights  obtained  from 
the  C130  side  camera  agreed  to  within  a few 
hundred  meters  with  heights  derived  from  an 
algorithm  of  Mosher  (1975),  which  yields  the  height 
of  a cumulus  top  u a function  of  visible  and  infra- 
red brightness  seen  by  satellite.  Comparisons  are 
detailed  in  Table  2.  Nominal  accuracies  in  the  maps 
are  a few  kilomcten  in  the  horizontal  and  ^SOO  m 
in  the  vertical. 

At  1437  GMT.  while  the  aircraft  were  near  the 
southwest  comer  of  the  box,  the  satellite  -ecorded 
the  pattern  of  visible  br-ghtness  shown  m Fig.  4. 


Across  the  eut  side  of  the  box  a cirrus  shield  wu 
prominent.  Isolated  bright  patches  were  mostly 
groups  of  cumulus,  in  the  southerly  anticyclonic 
flow  in  the  moist  layer  (Suchman  tt  al..  1977). 

The  first  circuit  by  the  US-C130  was  made  be- 
tween about  1341  and  1445  GMT.  Prior  to  this,  the 
aircraft  flew  across  the  box,  crossing  the  middle 
at  1305.  The  resulting  cloud  map  is  presented  in  two 
parts.  Fig.  3a  shows  active  cumulus  tops  with 
heights  in  the  interval  2.5  km  to  the  maximum, 
exceeding  13  km  in  the  northeut  comer  of  the  box. 
Fig.  3b  shows  tops  below  2.5  km,  and  the  horizontal 
limits  of  cirrus  anvils.  The  picture  is  not  complete, 
particularly  of  the  small  clouds,  because  they  were 
very  numerous,  and  photographic  coverage  was 
not  obtained  simultaneously  over  the  whole  area. 

Fig.  3a  shows  relatively  few  clouds  in  the  south- 
west part  of  the  box,  and  more  to  the  northeast, 
with  greater  heights.  At  the  time,  the  cloud  cluster 
was  growing  in  the  northeast  comer,  and  propagat- 
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ing  slowly  into  the  box.  A cloud  with  top  exceeding 
13  km  was  observed  by  satellite  near  D..  Most 
cumulus  clouds  taller  than  *>3  km  tended  to  be 
aligned  in  bands  of  orientation  about  213*.  roughly 
9 km  apart. 

Fig.  3b  shows  that  low  clouds  were  arranged 
differently  from  the  cumulus  and  cumulonimbus 
clouds  shown  in  Fig.  3a.  A region  to  the  northeast 
was  occupied  by  bands  of  altocumulus  at  2.9  km. 
of  orientation  ateut  190*  and  spacing  "3  km. 

In  the  west  part  of  the  box,  many  of  the  small 
clouds  were  arranged  in  arcs.  They  were  composed 
of  cumulus  mediocris  sometimes  reaching  roughly 
the  top  of  the  moist  layer  (2-3  km).  One  such 
arc,  obscured  from  satellite  view  by  a cirrus  layer 
over  the  north  side  of  the  box,  has  been  docu- 
mented by  Warner  ( 1978);  this  arc  is  shown  in  Fig.  5. 
The  clouds  leaned  backward,  in  a manner  corre- 
sponding with  winds  decreasing  with  height  upward 
from  the  top  of  the  mixed  layer  (Fig.  2).  Low-level 
winds  were  toward  the  inside  of  the  arcs. 

At  the  lowest  end  of  the  scale  of  convective  mo- 
tions, there  were  many  tiny  cumulus  fractus,  of 
linear  dimension  -300  m,  with  bases  at  about  500- 
700  m.  These  were  aligned  in  rows  oriented  north- 
south,  with  separations  of  1 or  2 km  along  and  be- 
tween rows.  The  rows  were  aligned  approximately 
with  the  surface  wind.  Tiny  cumulus  also  appeared 
in  front  of  the  arcs  (Fig.  3). 

In  connection  with  the  tiny  cumulus,  Fitzjarrald 
( 1978)  has  used  the  Oceanographer  acoustic  sounder 
data  to  examine  the  dominant  horizontal  scale  (/)  of 
free  convection  in  the  moist  layer.  For  the  period 
0827-1223  GMT  on  day  261,  he  gave  the  dominant 
local  period  of  fluctuation  as  6.23  min,  the  wind 
speed  as  7 m s~',  the  depth  of  the  mixed  layer 
(Z,)  as  430  m,  and  the  Monin-Obukhov  length 
(Z.)  as  - 1 19  m.  The  first  two  numben  yield  / ■ 2.6 
km,  the  second  that  -Z|/£  • 3.8.  The  non- 
dimensional  horizontal  wavelength  IIZ,  - 3.8.  His 
Fig.  7 then  indicates  that  this  constitutes  a relatively 
low  instability,  with  a relatively  large  horizontal 
wavelength.  The  number  2.6  km  corresponds  quite 
well  with  the  spacing  of  the  tiny  cumulus  along 
rows  shown  by  the  mapping.  The  information  on 
the  rows  of  tiny  cumulus  is  consistent  with  the 
finding  of  LeMone  and  Pennell  (1976,  Fig.  I6a)  that 
the  rows  resulted  from  forcing  below  cloud  base 
associated  with  longitudinal  roll  circulations, 
oriented  roughly  along  the  wind  direction.  Tiny 
cumulus  in  front  of  the  arc  shown  in  Fig.  3 were 
aligned  parallel  to  the  arc,  apparently  transverse 
to  the  wind  direction  rather  than  along  it. 

With  many  active  towers  reaching  stable  layers, 
much  stratus  was  present  (a  feature  seen  less  often 
in  the  undisturbed  Caribbean).  The  deep  clouds 
produced  anvils  at  about  13  km  (Fig.  3b).  Their 
leading  edges  spread  firom  slightly  south  of  east  at 


IM 


Fio.  3.  1300  to  1443  GMT.  a (top)*  Active  tope  (outlined 
by  contoun)  in  the  heifht  interval  2.5  to  >13  km.  b (bottom): 
Clouds  of  height  <2.5  km.  and  anvils  (dashed).  Thin  solid 
lints  represent  arcs  of  clouds.  Numbers  are  heights  ikm)  above 
the  sea.  and  times  of  measurement.  The  comers  D,  to  D.  dellnc 
the  boa  circuit  (see  Table  I). 


-23  ms"'.  Towers  reaching  different  levels  in  the 
troposphere  produced  individual  anvil  plumes.  An 
isolated  remnant  of  anvil  at  8.3  km  was  oriented 
along  143*  (rather  than  -90*  as  at  13  km).  Many 
stratus  and  stratocumulus  patches  at  -2.S  and  3 km 
are  not  portrayed  here. 

5.  Mcsoscal*  patterns  seen  by  saullite,  radar  and 
aircraft  photography 

A 16  mm  movie  loop  of  visible  satellite  images  of 
the  boxed  area  has  been  made,  with  time  intervals 
of  13  min.  In  this  movie,  it  is  possible  to  follow 
several  arc-shaped  mesoscale  patterns  over  periods 
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TaBLI  2.  Cloud  (o^by  pho»Ofr*mtn«iry . »nd  cloud  tops  (tnd  btscii  from  MicUiK  d«U  by  Mo»h<''»|l975)  method.  (MclDAS  ii  the 
man-computer  interactive  data  acceti  lyitem  at  the  Univertity  of  Wiiconim.) 


Time 

GMTI 


Comment 


McIDaS  poiition  Top  (base)  Time 


Cloud  map  poiiiion 


Inactive  Ac 


1.810.3)  1407  leolaied  Cu  at  end 


of  dissipated  band 


1337  Motion;  3.7  m s-‘/030* 

Anvil  remnant 
1422  Dissipated 


Motion:  4 m s''O30* 


1807  Highest  towen  by  eacn 
method 


exceeding  an  hour.  Three  such  patterns  are  shovtm  graph  for  that  lime.  The  arcs  were  composed 
Figs.  6a-6c.  The  square  box  was  slightly  distorted  essentially  of  small  clouds,  as  represented  dia- 
in  the  movie,  to  the  shape  shown  in  the  figure.  It  grammatically  m Fig.  3b. 

is  possible  to  pick  out  the  positions  of  these  pat-  frame  from  the  US-C130  nose  camera  movie 

terns  at  1437  in  Fig.  4.  the  visible  satellite  photo-  at  1428:35  GMT  s shown  in  Fig.  7.  The  aircraft 


Fio.  4 1437  GMT  Visible  satellite  image.  The  cloud  cluster  is  seen  at  nght 
center,  with  anvil  cirrus  streanung  northwestward,  north  being  jp  the  page  The 
bos  circuit  IS  shown  by  pecked  lines,  a side  was  150  km  long  Light  rtducial 
lines  show  the  lautudes  9 and  liTN.  and  longitudes  20.  21  and  22*W 
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FiO.  i.  1522  GMT.  Compotile  of  pho(ograph^  looking  nonh  from  the  (JS*CI50  aircraft  flying  at  altitude  5 7 km  on  the  north  tide 
of  the  boy  circuit.  High  towery  of  the  cloud  cluster  were  to  the  east  and  south  of  the  aircraft  Anvil  cirrus  from  ihem  was  overhead 
In  the  nghi  foreground  is  an  arc  of  clouds,  moving  from  roughly  the  wesi-souihwesi  itoward  the  nghii  Cumulus  mediocns  m 
the  arc  were  of  maximum  height  about  2 7 km.  They  leaned  ba..kward  A high  tower  tat  left)  reached  d km  It  apparently 
originated  from  the  arc.  Tiny  cumulus  preceded  the  arc  Note  the  evidence  of  organization  in  their  pattern  Major  features 
have  been  mapped  in  Wamrr  |197gi 

was  flying  northward  at  altitude  6.5  km.  coming  up  side  of  the  box.  the  velocity  of  propagation  was 
on  the  arc  shown  in  Fig.  6c.  The  faint  diffuse  line  from  about  198"  at  6 m s'*,  matching  tne  ..ind  near 
seen  in  the  satellite  view  (Fig.  4)  i$  revealed  as  an  cloud  base.  Cloud  bases  were  at  500  m (near  the 
arc  of  cumulus  rrediocns.  preceded  by  tiny  cumulus,  top  of  the  mixed  layerl  and  higher  The  pattern 
From  the  satellite  movie,  it  was  evident  that  while  velocities  measured  from  the  satellite  movie  loop 
the  arc  patterns  propagated  consistently,  iheir  show  that  previous  estimates  from  aircraft  photo- 
composition continuously  changed,  with  small  grammctrv  (Warner  et  al..  1977)  were  much  too 
clouds  dissipating  and  being  replaced  by  new  clouds,  great. 

of  lifetime  much  less  than  the  pattern.  Near  the  west  The  origins  of  the  arcs  and  their  relationships  to 


Fic.  6.  Mocions  of  vcs  tnced  firm  Mteiliie  .movie  The  west  tide  D,  0,  of 
ihc  urtraft  boy  circuit  i>  thown  Denned  by  -.he  'atiiudet  T54  and  4*56  N. 
and  longiiudei  21*2  and  .2*23' W,  the  box  wax  tlighily  disioncd  from  iquare 
ihape  in  the  movie 
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Fio.  7.  1478. )5  GMT,  Prime  from  no»e  camera  movie  of 
US-CI30  aircraft,  taken  at  altitude  e.5  km  while  flying  north- 
ward on  the  Aral  circuit,  coming  up  on  the  arc  shown  in 
Figs.  6c  and  9 

Other  features  were  examined.  Contour  analyses 
were  drawn  by  hatid  at  an  easily  discerned  thresh- 
old of  brightness,  close  to  the  edge  of  the  visible 
cloud,  seen  in  projected  frames  ot  the  movie  loops. 
These  maps,  at  quarter-hour  intervals  from  1205  to 
1435  G.vn.  appear  in  Figs.  8 and  9 Supenmposed 
on  the  contour  analyses  are  alphanumerics  repre- 
senting radar  reflectivity,  transcribed  manually 
from  radar  naps  as  illustrated  in  Fig.  1 of  Warner 
and  Austin  (1978).  These  represent  averages  over 
18  km’.  The  relationships  between  alphanumenc^. 
reflectivity  Z and  rainfall  rate  R are  shown  in  Table  3 
(for  three  different  expressions  for  Z.  as  indicated, 
the  middle  column  in  the  table  is  preferred) 

In  Figs.  8 and  9.  attention  is  drawn  to  the  arcs  in 
Figs  6a  and  6c.  respectively,  by  small  arrow s indi- 
cating the  directions  of  pattern  motion.  Occasionally 
dashed  lines  appear,  where  the  leading  edge  of  the 
arcs  was  marked  by  faint  rather  than  bn^ht  clouds 
as  seen  from  the  satellite.  From  echo  top  plan  posi- 
tion indicator  maps  (W.imer  and  .Austin.  1978). 
occasional  digits  within  small  squares  show  peak 
heights  (km)  of  echo  cores.  Here  a "core"  ex- 
ceeded reflectivity  29  dBZ  and  occurred  within 
groups  of  echoes  associated  with  the  arcs. 

The  radar  echoes  are  quite  well  correlated  with  the 
bnghtness  contours.  The  correlation  is  not  perfect, 
this  IS  to  be  expected,  because  once  tailing  rain- 
drops of  size  exceeding  0.5  mm  and  with  number 
densities  large  enough  to  yield  a radar  echo  have 
appeared,  small  cloud  droplet  populations  are  de- 
pleted by  coalescence  or  evaporation.  It  seems 
from  Figs.  8 and  9 that  the  area  of  radar  averaging 
(18  km’)  IS  rather  large.  Both  satellite  bnghtness 
maps  and  the  radar  alphanumencs  give  rather  a 
coarse  view  of  the  activity. 

Considenng  first  the  arc  shown  in  F:gs.  6a  and  8.  a 
close  association  with  echoes  was  apparent  until 
1235.  ^t  1305  there  was  bnght  cloud,  but  few 
echoes.  .More  echoes  appeared  after  1335.  with  cores 
often  reaching  an  altitude  of  6 km.  The  persistent 


arcs  were  a favored  location  for  generation  of 
new  echoes. 

The  system  shown  in  Figs  6b  and  8 appe.  red  just 
as  a short-lived  group  of  echoes  w>‘  ■.issipn''ng. 
The  mesoscale  patterns  appear  .lave  been 
generated  in  association  with  ec  v,  ano  suose- 
quently  to  have  given  nse  to  new  clouds  anv  echoes. 
The  same  applies  to  the  pattef"  vhov.n  in  Figs 
6c  and  9 

.Attention  is  drawn  to  a ring  of  mean  diameter 
roughly  70  km  discernible  in  Fig.  8 between  1305 
and  140^,  f d straddling  (he  north  side  of  the  box 
(The  north  side  roughly  bisected  this  feature  at 
1335.)  The  arcs  of  Fig.  6a  v-.-re  on  its  southwest 
border.  It  moved  north-northeastward  with  the 
low-levei  flow 

Finally,  it  may  be  seen  that  senoes  persisted 
intermittently  near  the  Dallns  dunng  the  period  of 
Fig.  9.  Echo  cores  reached  4 km.  Cloud  tops 
probably  reached  5 or  6 km  where  winds  were  from 
the  ii.orth,  rather  than  from  the  south  as  in  the  mixed 
layer.  Winds  averaged  through  the  thickness  of  such 
deep  clouds  were  near  zero,  this  probably  accounts 
for  the  Persistence 

The  above  observations  imply  that  t.ic  mesoscale 
arcs  were  self-regulating,  in  a la;  er  near  the 
surface  in  which  winds  were  from  the  south-south- 
west. This  corresponds  roughly  to  the  lowest  kilo- 
meter. Precipitation  cores  extending  into  the  lower 
middle  troposphere  apparently  generated  new  meso- 
scale patteiTis,  and  new  cores  in  turn  were  generated 
by  them 

We  may  now  look  from  the  satellite  at  a rela- 
iively  large  area,  roughly  an  order  of  magnitude 
greater  than  the  area  of  Fig.  4.  Figs.  10a- 10c  are 
photographs  of  intermediate  scale  at  1422.  1637  and 
1825  GMT.  respectively.  .A  separate  drawing  shows 
corresponding  points  of  reference.  Relatively  clear 
air  north  and  west  of  the  cloud  cluster  is  readily 
seen  in  Figs  10;  the  cluster  is  toward  the  lower 
nght  in  each  picture,  wuh  cirrus  streamers  extend- 
ing northwestward.  West  and  southwest  of  the 
cluster,  the  bands  of  lower  iroposph'vc  c'ouds 
represented  in  Figs  3a  and  4 may  be  seen  .A  closer 
look  is  necessary  to  see  the  lesser  clouds  like  those 
shown  in  Figs.  3b.  6 and  7.  Much  fine  tracery  is  ap- 
parent. .At  lod"  and  1822  arcs  w»re  numerous, 
convex  toward  roughly  the  north  or  normeast.  in  the 
direction  of  winds  near  the  Surface  Their  radius  of 
curvature  was  about  20  km.  and  scale  size 
roughly  40  km 

A companson  of  the  senes  of  pnnts  in  Fig  10 
with  the  cloud  motion  fields  at  1330  and  1500  GMT 
by  Suchman  and  Martin  il976i,  and  at  1130  and 
1500  by  Chatters  and  Norton!  19"  "I.  suggested  tenta- 
tively that  the  arcs  appeared  within  the  moist 
southerly  flow  when  this  exceeded  a certain  speeu. 
roughly  5 m s'' 


Fio.  9,  Mtps  of  vmbl«  satetUie  bnghtneu  and  radar  reflecnvine»  aa  in  Fig.  8 Croascs 
>how  the  locatiofls  of  the  ahips  Quadra  lai  9*3  N.  ZT'ih  yv/)  and  Dallas  lai  S’3:  N. 
2T3rW1,  Solid  arrows  and  dashrd  lines  refer  to  the  arc  pattern  shown  m Fig.  oc  3'he 
photograph  Fig.  7 was  taken  at  14:8-3?  from  in  altitude  of  6 5 km.  the  position  and  field 
of  view  are  shown  with  an  open  arrow  m the  panel  for  1435. 


6.  Aircraft  traverses  through  mesoscale  arc  patterns 

In  this  section  aircraft  data  are  displayed,  which 
can  partly  explain  how  the  arcs  penisted  for  up  to 
2 h.  while  being  composed  of  elements  of  indi- 
vidually much  shelter  lifetimes. 

The  UK-C130  aircraft  flew  within  the  i.nxed 
layer,  alternately  at  nominal  altitudes  of  238  and 
52  m.  or  pressures  of  985  and  1007  hPa.  The  Elecira 
flew  just  above  the  mixed  layer  at  nominal  alti- 
tude 537  m (949  hPa),  the  DC -6  at  1067  m (891 
hPa).  The  Electra  had  side-pointing  movie  cameras 
with  a frame  interval  of  4 s(~430  m);the  DC-6  had  a 
nose  camera  with  a frame  interval  of  5 s (490  ml 
From  the  electra  movies,  frames  were  noted  for 


which  the  aircraft  was  flying  through  either  clear 
air.  fields  of  tiny  currulus  fractus  of  linear  dimension 
-5(X)  m.  or  fields  of  cumulus  mediocris.  or  was 
penetrating  a cloud.  Using  the  nose  camera  on  the 
DC -6.  it  was  possible  to  do  the  same  analysis,  and 
also  to  discern  the  presence  of  rain. 

The  DC -6.  Electra  and  UK-C130  flew  close  to  one 
another  in  the  moist  layer  during  the  box  circuits. 
Their  recordings  of  thermodynamic  data,  made 
available  by  NC.AR,  will  be  compared  for  a portion 
of  the  first  box  circuit,  from  about  1437  GMT.  when 
the  aircraft  were  near  the  southwest  comer  D,,  until 
1500  GMT.  when  they  reached  the  nonhwest  comer 
D,,  the  UK-C130  following  25  min  behind  the  other 
two.  They  flew  northward  through  the  arcs  shown 
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Tabli  3.  Radar  calibratioa  [firom  Warner  and  Austin  (1978); 
column  3 is  added  from  Austin  and  Gcods  (1979)]. 


Rainfall  rate  (ram  h' 
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in  Figs.  6b  and  6c.  Time  series  plots  of  data  from  the 
aircraft,  with  time  running  fi^m  right  to  left,  are 
shown  in  Fig.  11. 

Looking  in  Fig.  1 1 at  temperatures  ( T)  and  dew 
points  (To)  for  cases  of  cloud  penetrations,  it  seems 
that  the  aircraft  instruments  responded  well  to  sud- 
den changes.  Effects  of  rain  on  temperature  meas- 
urements— a notorious  problem — are  not  involved 
here.  Penetrated  clouds  were  small;  therefore  ef- 
fects of  sensor  wetting  are  neglected.  At  the  right  of 
Fig.  1 1 uncertainty  bars  for  density  may  be  found:  an 
increase  in  density  corresponding  to  the  bars  could 
be  caused  by  changes  of  -0.2"C  in  T or  -1.2°C  in 
To-  Changes  in  plotted  densities  slightly  exceeded 
those  indicated  by  the  uncertainty  bars.  Potential 
temperatures  fluctuated  relatively  widely. 


During  the  intervals  shown  in  Fig.  1 1,  the  aircraft 
flew  first  through  the  arc  shown  in  Fig.  6c,  and  then 
through  that  shown  in  Fig.  6b.  Using  the  McIDAS 
system  to  superimpose  the  aircraft  track  Dj  to  D4  on 
full  resolution  visible  satellite  images  at  15  min 
intervals,  the  times  of  passage  of  the  three  aircraft 
through  the  arcs  shown  in  Figs.  6c  and  6b  were 
determined.  The  arc  in  Fig.  6c  was  ~4.5  km  wide 
in  the  satellite  view;  cross-hatching  in  the  middle  of 
Fig.  11  indicates  its  position  from  the  satellite. 
Cross-hatching  near  the  left  of  Fig.  11,  at  later 
times,  likewise  shows  the  passages  through  the 
leadbg  edge  of  the  arc  shown  in  Fig.  6b. 

Comparing  in  Fig.  11  the  hatched  position  from 
the  satellite  images  with  the  cloud  data  from  the 
Electra  and  DC-6  (central  strips  in  the  diagram), 
there  is  close  correspondence  between  the  hatching 
and  the  notations  C which  indicate  flight  through 
an  environment  containing  cumulus  clouds  pene- 
trating through  the  flight  level.  This  environment 
is  illustrated  in  Fig.  12,  a photograph  from  the 
nose  camera  of  the  DC-6  at  14^:  19  GMT.  The  nota- 
tions of  cumulus  cloudiness  (C)  show  that  cumulus 
convection  extended  in  latitude  further  than  the 
brightest  clouds  picked  out  in  the  satellite  images. 

Comparing  the  notations  of  cumulus  cloudiness 
and  tiny  cumulus  (C  and  T in  Fig.  11)  with  the 
traces  of  temperature  and  dew  point  (T  and  To),  it 
seems  that  the  air  of  the  arcs,  containing  clouds, 
featured  relatively  low  temperatures  and  high  dew 
points  at  the  levels  of  the  DC-6  and  the  Electra. 
Near  the  surface  with  the  UK-C130  such  anomalies 
do  not  appear  at  the  times  of  passage  of  the  arcs 
indicated  from  the  satellite  images.  Shortly  after 
1510  GMT  the  UK-C130  briefly  encountered  low 
temperatures  and  high  dew  points,  with  changes 
of  wind.  Satellite  photographs  indicate  that 
probably  these  phenomena  were  associated  with 
activity  to  the  south  of  the  arc  shown  in  Fig.  6c. 

The  arc  to  the  north  is  relatively  difficult  to  recog- 


Table  4.  Ooud  and  sounding  data  from  Fig.  U for  arc  shown  in  Fig.  6c  (Schematic  is  shown  in  Fig.  16).  Wind  corrections  b,,  b^ 
are  from  both  box  circuits.  [Lower  values  are  from  Grossman's  (1977)  method.] 


f'oud  tops 

Tiny  Ctt 

Cu  med  (arc) 
(-2000  m) 

Gear 

(m  s*') 

Winds  at  1067  m 

u.  0 

3.0.  3.3 

2.5.  2.8 

3.0.  2.0 

0.6.  0.3 

m s*'  dec*' 

4.6/220 

3.8/221 

3.6/236 

(0.5.  0.2) 

-STiai 

(K  kin-) 

3.6 

5.8 

5.8 

Qoud  tops 

(m) 

-800 

Winds  at  337  m 

u.  V 

3.2.  7.6 

2.9.  7.3 

3.2.  7.0 

2.6.  -0.1 

m s*‘  deg*' 

8.2/203 

7.8/201 

7.7/204 

(1.7.  -0.5) 

Ooud  bases 

(m) 

-500 

-500 

-iTISt 

(K  kra") 

-9.0 

-9.0 

-7.7 

Winds  at  238  ra 

u.  V 

3.V.  4.3 

3.5.  4.2 

3.3,  4.8 

1.6.  -0.1 

ra  s-  dag- 

3.9/219 

5.5'2!9 

5.9/214 

(0.5,  -0  2) 
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Fig.  10.  Visible  salellite  images  (a)  1422.  Ibl  1637  and  (c) 
IS22  GMT  The  drawing  shows  lines  of  latitude  and  longitude 
recognizable  in  the  pihotos:  also  the  boa  circuit,  and  the  approxi- 
mate locations  of  the  snips  Dallas  iD)  and  Octanographtr  tO) 


-I0*N 


3*N 


Fig.  II.  Time-senes  plots  of  data  from  three  aircraft,  for  the  west  side  of  the  Arst  boa  circuit.  The  plots  are  keyed  to  geo- 
graphical location,  shown  in  the  middle  iMote  that  0.1*  of  latitude  - ll.l  km.l  Cross-hatching  indicates  the  positions  of  the 
arcs  shown  in  Figs  6b  and  6c.  as  denved  from  liiU  resolution  visible  satellite  images 

At  the  base  is  time  for  the  CK-CI30  The  Am  plot  upward  from  the  base  is  the  density  ipi  of  air  sampled  by  the 
UK-CI30  at  15  s intervals,  based  on  15  s averages  land  normalized  by  transfer  to  the  nominal  pressure  985  hPa  at  constant 
potential  temperaturel.  The  next  two  plots  are  dew  point  t To)  and  temperature  (7^,  respectively,  plotted  every  6 s 
from  I s averages  iwuhoui  adjustment  for  pressure  vanaiionsl.  .Vext  come  vertical  air  velocities  (HO.  plotted  every  6 s from 
6 s averages  Next  come  winds  drawn  as  shon  barbs  (at  15  s intervals  from  15  s averages),  after  applying  the  corrections 
given  in  Table  4.  Winds  were  from  roughly  the  south  north  is  upward  in  this  represcniaiion  of  winds,  a scale  higher  up 
in  the  diagram  on  the  right  shows  the  length  of  barb  of  speed  5 m s'*  The  next  strip  going  upward  is  time  for  the 
Electra.  ihcn  density  from  the  Electra  twiih  normalization  to  949  hPa);  then  Tg.  T.  W and  winds.  From  the  nominal  vertical 
air  velocities  )V  from  the  Electra.  a constant  4 6 ms*'  has  been  subtracted  The  next  stnp  shows  blocks  corresponding 
to  times  when  the  Electra  was  in  cloud,  above  lhai  is  a charactenzaiion  of  ihe  convective  Aeld  through  which  the  aircraft 
was  Aying:  L means  clear  air:  T l light  shading!  means  that  liny  cumulus  surrounded  the  Electra:  C Idarker  shadingi  means 
that  cumulus  mediocns  surrounded  the  aircraft.  The  central  stop  >n  the  diagram  shows  the  latitude  as  the  aircraft  Aew 
nonhward  at  longitude  22  4*W 

The  upper  middle  part  of  the  diagram  shows  data  plotted  for  the  DC -6  in  the  same  manner  as  for  the  Electra.  The 
vertical  air  velocities  shown  (not  available  from  the  NC.AR  microAlm  I s dalai  were  abstracted  from  data  over  one  short 
light  leg  The  mean  over  the  leg  may  not  have  been  exactly  zero,  so  its  removal  may  mean  a (very  small)  systematic  bias. 

The  DC -6  charactenzation  is  slightly  different  from  that  of  the  Electra.  The  DC -6  Aew  for  much  of  the  time  below  stratus, 
and  often  m mist  In  the  Arst  strip  upward  from  the  middle  of  the  diagram.  L means  that  the  air  below  was  clear:  T Might 
shading!  means  that  tiny  cumulus  were  below:  C idarker  shading!  means  that  cumulus  reached  1067  m.  Aight  level  In 
the  second  strip,  ram  las  opposed  to  the  cloud)  is  indicated  by  the  letter  R.  Times  on  the  minute  when  the  sky  overhead 
was  clear  are  denoted  by  L at  other  times  ihere  was  stratus  overhead.  DC -6  densities  were  normalized  to  891  hPa. 

At  Ihe  top  of  the  Agure  arc  plots  of  virtual  potential  temperature  9,  and  of  pseudo-equivalent  potential  temperature  4, 
[calculated  bv  Simpson  s 1 1978)  method]  Plots  for  the  different  aircraft  are  supenmposed.  at  15  s intervals  from  15  s averages 
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rio.  II.  l■U8:l9G^^T  Frame  from  nose  camera  movie  of  DC-6 
aircraft,  (aken  al  altitude  about  1067  m while  flvinf  northward  on 
the  Ant  circuit,  within  the  cumulus  environment  of  the  arc  shown 
in  Fig.  6c 

ni2c  in  Fig.  11.  By  1522,  when  its  posttion  was 
penctratei]  by  the  UK-C130.  no  bnght  clouds  associ- 
ated with  It  were  present  along  the  aircraft  track 
(sec  fig  6bl:  it  was  moving  nonheastward  away 
from  the  track  and  losing  its  identity. 

One  other  arc  was  penetrated  at  low  levels,  by 
the  Eiecira  flying  southward  at  altitude  35  m at 
1612:30(Fig  131.  .As  it  flew  toward  the  arc.  tempera- 
tures dropped  and  dew  points  rose  just  as  tiny 
cumulus  clouds  were  encountered.  The  wind  in- 
creased and  veered  (from  6 m s'"  190*  to  9.3  m s*' 
195°)  and  then  decreased  and  backed  to  previous 
values,  within  a period  of  ~ 1 min  or  6 km.  This 
suggests  a compact  pattern  of  convergence  followed 
by  divergence — of  ascent  in  front  with  descent 
(of  dense  air)  behind.  The  aircraft  then  ascended 
from  altitude  35  m back  up  to  about  540  m.  passing 
below  the  base  of  a vigorous  cumulus  (at  1614:40). 
and  then  entenng  clear  air.  This  arc  was  closely 
associated  with  precipitating  clouds,  and  the  cold 
gust  desenbed  may  have  been  associated  with  pre- 
cipitation. 

-Vhy  did  (he  arcs  persist  for  such  a long  time’ 
First,  the  traces  for  the  DC-6  and  Elecira  in  Fig  1 1 
show  that  the  environment  of  clouds  of  the  arcs 
featured  relatively  low  temperatures  and  high  dew 
points  and  air  densities.  .Adjacent  clear  air  featured 
opposite  charactensiics.  implying  that  it  did  not 
tend  to  undercut  the  moist  air.  .Anomalies  en- 
countered by  the  UK-C130  are  notewonhy  for  their 
absence.  iThose  at  150"’  GMT  are  discussed  below.) 

Second,  values  of  generally  increased  with 
height,  indicating  stability;  but  it  is  remarkable  that 
the  plots  for  the  UK-C130  and  Electra  merge  in  the 
arcs,  indicating  neutral  stability  below  cloud  base. 

Values  of  t>r  in  the  arcs  decreased  with  height, 
indicating  convective  instability  Weak  updrafts 


(reaching  0.6  m s"')  and  downdrafts  may  be  seen 
in  the  record  from  the  Electra.  On  either  side  of 
the  arcs,  above  the  mixed  layer,  convective  in- 
stability decreased  to  nearly  neutral  and  occa- 
sionally stable  values.  Around  the  active  cumulus 
of  the  arcs  6[  was  relatively  high,  probably  a result 
of  venical  transpon  from  near  the  sea.  Relatively 
low  absolute  values  of  on  either  side  of  the  arc 
of  Fig.  6c.  with  clear  skies  (L).  high  temperatures 
and  low  dew  points,  suggest  subsidence. 

Third,  one  may  consider  air  motions  in  clouds. 
These  generally  involve  both  updrafts  and  down- 
drafts  on  the  cloud  scale,  in  adjacent  horizontal 
locations.  These  cannot  readily  occur  if  there  is  no 
vertical  shear  of  the  wind.  With  shear,  one  may 
visualize  updrafts  and  downdrafts  readily  coexisting 
With  a circulation  having  honzontal  vonicity 
(Malkus,  1952).  In  our  case  the  difference  in  hori- 
zontal wind  between  the  Electra  and  DC-6  was  a 
few  meters  per  second.  Updrafts  in  the  clouds  ap- 
pear to  have  reached  roughly  2 m s"'.  It  seems 
that  the  shear  was  favorable  for  the  release  of 
instability  in  small  clouds.  Fig.  12  shows  a close-up 
view  of  some  of  the  clouds  of  the  arc  of  Fig.  6c: 
individual  members  of  this  arc  were  slender  and 
ephemeral.  The  clouds  appear  similar  to  the  small 
cumuli  examined  by  Telford  and  Wagner  (19”4). 
who  found  that  (hey  moved  with  a velocity  close 
to  that  of  air  near  the  surface,  and  featured  out- 
ward motion  near  the  tops.  The  clouds  seem  akin 
to  "hummock"  echoes  seen  by  acoustic  sounder 
aboard  the  Oceanographer  (Gay nor  and  Mandics. 


FiO  13  Time-tenci  plots  data  from  iltc  Elecira.  for  pan  01 
the  west  side  of  '.he  second  box  circuit  .At  the  base  is  prassun 
al  Aighi  level,  then  dew  points.  lemperalurts  and  winds  plotted 
in  I he  same  wav  as  in  Fig  II  Right  environments  ofclear  air  and 
uny  cumulus  aic  .iiuicaltd.  The  Electra  flew  under  the  bsse  of  i 
cumulus  c.oud  al  about  I6ia  40  GMT  U penetrated  a iinv 
cumulus  ai  1619.14  LaiKude  is  shown  at  the  top  Letters  C 
a>id  0 nexi  to  gusty  winds  indicate  interred  convergence  fol- 
lowed by  divergence. 
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Fio.  14.  Soundings  from  the  Eleetra  plotted  on  Im- 
penal  College  tephigrams.  Isopieths  shown  of  pressure, 
temperature,  specihc  humiditv  and  dr>  and  pseudo- 
equivalent  potential  temperatures  Flight  environments, 
locations  and  times  are  indicated  isee  text  for  deiailsl 
See  Fig  4 for  locations 


1978).  Doppler  vertical  speed  in  hummock  echoes 
e.xcceded  Z m s*'. 

Water  vapor  mi.xing  ratios  in  the  lesser  pans  of 
the  ranges  encountered  by  each  of  the  three  air- 
craft were  compared  with  rawinsonde  and  BLIS 
data  (not  shown  here).  These  implied  that  each 
aircraft  encountered  air  which  had  subsided  from 
altitudes  500-  1000  m above  flight  level. 

Striking  in  the  recordings  are  the  very  low  dew 
points  and  values  of  encountered  by  the  UK- 
C130  at  1507  and  1508.  well  south  of 'he  arc  of  Fig. 
6c.  This  "dry  hole"  involved  weak  descending  mo- 
tion and  high  densities  (although  the  air  was  rela- 
tively warm)  It  implies  subsidence  from  a height 
of  several  kilometers;  apparently  a discrete  package 
of  air  of  low  tir  was  dnven  down  as  a vigorous  local 
return  circulation  due  to  a cloudy  updraft,  and 
thereafter  moved  along  near  the  surtace.  Satellite 
images  show  that  relatively  deep  clouds  were 
present  near  the  L K-C130  at  this  time. 

7.  Soundings  derived  from  aircraft,  and  surface 
conditions 

.At  four  times  during  the  two  bo.x  circuits,  the 
Eleetra  descended  from  537  m to  35  m.  and  re- 
turned. Eight  soundings  were  thus  obtained,  as 


shown  in  the  tephigrams  in  Fig.  14.  Descents  are 
represented  by  dots,  ascents  by  continuous  lines. 
The  circumstances  of  the  soundings  are  noted.  For 
instance,  "lICfL  10“N  22* W"  indicates  that  the  first 
dotted  descent  sounding  at  1508  GMT  was  begun 
in  a cloud  (I),  continued  within  a field  of  cumulus 
mediocris  (C),  and  concluded  in  clear  air  iD,  near 
the  location  10“N,  22*W  tsee  Fig.  4).  The  ascent 
at  1515  started  within  a field  of  cumulus  mediocris 
(C)  and  ended  in  a field  of  cumulus  (T),  roughly 
0.4*  further  east.  These  soundings  indicate  that 
cloudiness  was  associated  with  a warm,  moist 
mixed  laye.,  and  that  clear  areas  were  relatively  dry . 
The  last  soundings,  at  1707  and  1715.  were  made  to 
the  north  of  the  cluster.  Its  wake  was  stable. 

Conditions  in  the  lowest  10  m above  the  sea, 
as  assessed  from  the  ship  Dallas,  were  broadly 
undisturbed — meaning  an  absence  of  low-lying 
persistent  stable  air  masses  associated  with  rain.  The 
surface  layer  did  show  relatively  minor  variations 
associated  with  small  clouds.  .A  singular  feature  of 
this  day  was  that  the  temperatures  of  the  sea.  and 
of  the  air  at  10  m.  were  alike  to  within  a few  tenths 
of  a degree — the  measurement  uncertainty.  Tur- 
bulent heat  fluxes  upward  over  the  lowest  10  m 
ranged  around  70  W m'^  relatively  small,  and  were 
dominated  by  the  latent  rather  than  sensible  heat 
component. 

In  order  to  understand  the  difference  between 
the  regimes  of  tiny  cumulus  before  the  arc  shown 
in  Figs.  6c  and  11.  the  arc  itself  and  the  clear  air 
behind  it.  Table  4 is  presented.  It  supplements  the 
data  in  Fig.  11.  The  temperature  lapse  rates!  -5  T 5:) 
in  the  interval  238-537  m were  apparently  close 
to  but  less  than  adiabatic  with  the  clouds,  and 
stable  in  the  clear  air  behind  the  arc  The  next  500  m 
were  stable — similar  in  all  cases. 

Winds  were  corrected  for  systematic  overesti- 
mates along  ibj.)  and  across  ih,^)  the  direction  of 
flight, (see  Grossman.  19’7).  Careful  application  of 
Grossman's  method  for  finding  and  by  choos- 
ing turns  in  relatively  undisturbed  air.  yielded  di- 
verse values.  On  day  261  the  aircraft  flew  around 
the  box  circuit  first  anticyclonicaily  and  then 
cyclonically.  so  that  measurement  errors  had  an 
equal  and  opposite  effect  m the  two  cases.  This 
allowed  choice  of  and  m such  a way  as  to 
minimize  in  a least-squares  sense  the  differences 
in  II  and  in  t between  the  first  and  second  circuits, 
for  each  of  the  four  sides  of  the  box  circuit.  This 
method  seemed  to  be  the  best  of  several  alternatives. 

Table  4 shows  winds  typical  of  the  tiny  cumulus, 
the  cumulus  and  the  ciear  air.  at  the  different  levels. 
Wind  corrections  b.^  and  b^  are  shown  at  the  r.ght 
of  the  table.  It  may  be  seen  that  for  the  Eleetra  and 
DC -6.  application  of  Grossman's  method  in  the  ab- 
sence of  the  mformation  from  the  circuits  would 
have  led  to  u components  1 m s"'  less  than  those 
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Fic.  15  1420  30  to  14;;..i0  GMT  Time-senes  plots  of  DC -o 
Jau  From  the  top-  perturbation  air  speed  tm  s"''  upward 
I IV  northward  it-  > and  eastward  i«  i:  water  vapor  density 
ig  m''1  p,  . temperature  T and  vmual  temperature  T.  ('O. 
and  fluxes  ;■  v . ,i  iv  , p,  a and  T v Stops  at  the  bottom 
show  when  the  DC-6  was  in  cloud  (i)  or  rain  iR).  and  when  it 
was  flying  over  clear  air  iLl  or  among  cumulus  clouds  iCU) 

adopted.  Such  uncenainties  limit  inferences  about 
the  shear  of  the  wind. 

It  seems  sale  to  conclude  that  tiny  cumulus  and 
cumulus  of  the  arc  featured  a maximum  of  wind 


speed  at  cloud  base  (a  maximum  of  v).  Perhaps 
surprising  is  that  wind  directions  were  least  at 
cloud  base:  a uniform  turning  with  height  was  ex- 
pected, but  the  measurements  indicate  that  this 
was  not  the  case.  That  the  vertical  gradient 
du/dz  < 0 throughout  remains  uncertain.  The  arcs 
moved  from  about  198*  at  6 m s"‘  (Section  5).  This 
corresponds  with  winds  near  cloud  base.  Telford 
and  Wagner  (1974)  found  that  small  cumuli  moved 
at  a spe'*d  closely  related  to  that  of  surface  air;  the 
present  results  seem  consistent  with  theirs.  Wind 
speeds  decreased  in  the  arcs  from  front  to  rear  at 
537  and  1067  m.  Thisimplies  vertical  confluence  into 
these  levels:  mesoscale  subsidence  is  inferred,  con- 
sistent with  the  speed  maximum  near  cloud  base 
and  the  stable  stratification  in  the  rear  of  the  arcs. 

8.  Turbulent  flux  data  from  aircraft 
From  the  DC-6  aircraft  at  altitude  1067  m.  verti- 
cal turbulent  fluxes  of  sensible  and  latent  heat 
were  evaluated.  They  were  means  over  runs  of 
various  lengths,  at  intervals  around  both  box  cir- 
cuits (Bean  era/..  1976).  E.xamining  individual  traces 
of  perturbation  quantities,  as  in  Fig.  15,  and  compar- 
ing these  with  turbulent  fluxes  obtained  by  integra- 
tion over  a total  of  35  diverse  runs,  it  was  de- 
duced that  turbulent  fluxes  of  appreciable  magni- 
tude. on  the  order  of  hundreds  of  watts  per 
square  meter,  were  accomplished  almost  entirely  by 
individual  cumulus  clouds.  All  of  18  cloudy  up- 
drafts penetrated  by  the  DC-6  during  the  diverse 
chosen  runs  were  negatively  buoyant.  Upward 
turbulent  heat  flu.xes  arose  from  moist  cold  updrafts, 
the  moisture  being  of  greater  influence  than  the  low 
temperatures.  (Not  all  cloudy  updrafts  were  meas- 
ured; those  with  rain  were  excluded,  owing  to 
deleterious  effects  on  temperature  measurements.) 
The  clouds  sampled  were  like  those  shown  in  the 
photograph  Fig.  12.  They  were  mostly  sampled  at  an 
altitude  close  to  their  ma.umum,  and  were  mostly 
dissipating.  Moist  cold  updrafts  near  the  summits  of 
clouds  such  as  these  in  the  northeast  trades  were 
found  by  Wexler  and  Malkus  (1958).  The  active 
stage  of  a cloud  is  much  briefer  than  the  dissipating 
stage,  so  the  finding  need  not  be  surprising.  It  is 
significant  here  in  comparison  with  findings  from  the 
Elcctra:  at  537  m penetrated  clouds  were  roughly 
neutrally  buoyant.  The  clouds  appear  to  have 
generated  eddy  kinetic  energy  at  levels  above  cloud 
base  but  mostly  below  1067  m.  This  is  confirmed 
by  weaker  updrafts  at  1067  m than  at  537  m in  Fig.  1 1 . 

Data  from  both  the  DC-o  and  the  Electra  imply 
that  turbulent  fluxes  in  the  moist  layer  are  mostly 
accomplished  by  cumulus  clouds;  that  mesoscale 
air  circulations  were  driven  primarily  by  cumulus 
clouds.  The  data  further  lead  to  the  conclusion 
that  the  conversion  of  potential  to  eddy  kinetic 
energy  took  place  mostly  at  altuudes  between 
cloud  base  and  1 km. 
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Ftc.  16.  Schematic  diagram  of  an  arc,  based  on  that  shown  in  Figs.  6c  and  II.  The  clouds  were 
composed  of  a succession  of  thermals  rising  in  wind  shear  (see  Fig.  5),  and  have  been  sketched 
after  the  manner  of  Scorer  (1978.  pp.  335  and  408).  From  Table  4,  numbers  are  temperature  lapse 
rates  between  the  levels  of  flight  ii^icated.  and  winds  are  drawn  as  short  barbs  as  in  Fig.  II.  From 
distributions  of  and  d,.  the  letter  S means  stable.  N neutral,  and  U convectively  unstable.  The 
system  moved  northward  (from  nght  to  left).  Updrafts  occurred  at  the  clouds'  leading  edges,  down- 
drafts  behind.  The  clear  air  behind  the  arc  was  warm,  dry  and  stably  stratified,  implying  subsidence. 


9.  Sumtnar)  and  discussion 

Conditions  of  cloudiness  in  the  moist  layer,  in 
southerly  anticyclonic  monsoon  flow  approaching  a 
growing  cloud  cluster,  have  been  examined,  using 
airborne  and  satellite  photography,  aircraft  and  ship 
thermodynamic  and  wind  data,  and  radar  and 
rawinsonde  data. 

Unlike  middle  and  upper  tropospheric  cloud 
formations,  the  moist  layer  featured  arc  and  ring 
patterns,  and  rows  of  small  cumulus. 

The  smallest  clouds,  called  “tiny  cumulus  ",  were 
of  linear  dimension  ~500  m or  less;  their  bases  were 
at  500  to  700  m.  These  clouds  were  numerous  just 
in  front  of  arcs  of  clouds  in  the  moist  layer,  with 
separations  of  1 or  2 km  aiong  and  between  rows 
aligned  with  the  wind  shear.  The  data  are  consistent 
with  a finding  of  LeMoiie  uod  Pennell  (1976,  Fig. 
16a)  that  such  clouds  resulted  from  forcing  below 
cloud  base  associated  with  roll  circulations.  Such 
patterning  appeared  to  occur  most'y  along  the 
direction  of  the  flow.  Also,  tiny  cumulus  were 
aligned  parallel  to  the  arcs,  i.e.,  across  the  direc- 
tion of  the  flow. 

The  arcs  of  clouds  were  very  striking.  \ sche- 
matic drawing  of  one  is  given  in  Fig.  16.  They  were 
composed  of  cumulus  mediocris  reaching  roughly 
the  top  of  the  moist  layer  (2-3  km).  Winds  near 
the  surface  were  toward  the  inside  of  the  arcs.  The 
arcs  moved  with  a velocity  close  to  that  of  the  winds 
near  cloud  base.  V.hile  composed  of  cumulus 
mediocns  individually  short-lived,  the  patterns  per- 
sisted for  more  than  an  hour  traveling  steadily. 
They  appeared  near  radar-detected  precipitation. 
They  dissolved  finally  into  patches  of  enmuiu? 
congestus.  with  radar-detected  showers. 

Two  of  the  arcs  were  penetrated  by  the  DC-6 
aircraft  at  1067  m,  the  Electra  at  53'?  m and  the  UK- 
C 130  at  238  and  52  m.  .At  the  higher  two  levels  the 
environment  of  clouds  of  the  arcs  featured  low 


temperatures  and  high  dew  points  and  densities, 
while  clear  air  on  either  side  of  the  arcs  featured 
opposite  characteristics.  There  were  no  anomalies  in 
the  mi,\ed  layer  which  could  firmly  be  linked  with 
the  arcs  shown  in  Figs.  6b  and  6c.  One  other  arc 
penetrated  at  altitude  35  m by  the  Electra  showed  a 
convergence-divergence  couple  involving  dense 
air,  of  dimension  about  6 km;  this  arc  was  near 
radar  echoes  at  the  time  of  sampling. 

Virtual  potential  temperature  9,.  increased  with 
height,  indicating  stability,  e.xcept  between  low 
levels  and  537  m in  the  arcs,  where  dr  became 
about  the  same  at  537  m as  in  the  mixed  layer 
(indicating  neutral  stability). 

Near  'he  clouds,  6^  decreased  with  height 
through  t.ie  aircraft  levels,  indicating  convective 
instability.  In  clear  air,  between  537  and  1067  m, 
this  lapse  rate  sometimes  became  stable.  The  above 
stability  data  are  tentatively  represented  by  the 
annotations  stable  (S),  neutral  (N^  and  convectively 
unstable  (U)  in  Fig.  16. 

The  arcs  in  Figs.  6b  and  6c  featured  a wind  speed 
maximum  near  cloud  base  (Table  4).  Updraft 
speeds  in  the  clouds  appear  to  have  been  com- 
parable with  the  vector  difference  of  horizontal 
winds  through  their  depth — a condition  favorable  to 
overturning.  Individu^  cumulus  in  the  arcs  leaned 
in  the  direction  of  the  shear — backward  with  respect 
to  their  motion  [as  shown  by  Malkus  (1952)). 

.Aircraft  measurements  of  turbulent  vertical 
fluxes  showed  that  they  were  dominated  by  cumulus 
clouds,  and  that  at  1067  m the  latent  component  of 
the  heat  flux  was  generally  greater  than,  and  of 
opposite  sign  to,  the  sensible  heat  component.  .All 
the  cloud  flux  data  from  the  DC -6  involved  nega- 
tively buoyant  clouds  at  1067  m.  (Fluxes  were  not 
obtained  in  large  clouds.)  The  penetrated  clouds  ap- 
peared to  be  dissipating,  near  the  end  of  their 
growing  stage,  with  upward  deceleration  in  the  pre 
vailing  stable  stratification.  .At  537  m with  the 
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Electn,  penetrated  clouds  were  roughly  neutrally 
buoyant.  It  appears  that  most  of  the  generation  of 
eddy  kinetic  energy  by  clouds  of  the  moist  layer 
occurred  below  -1  km. 

In  view  of  the  longevity  of  the  arcs,  an  absence  of 
special  effects  in  the  records  from  UK‘C130,  and 
the  evidence  of  generation  of  eddies  of  kinetic 
energy  by  clouds,  it  seems  appropriate  to  perceive 
the  arcs  as  self-sustaining  entities  rather  than 
merely  the  cloudy  manifestations  of  an  original 
density  current. 

Schereschewsky  (1975,  Fig.  1)  presents  a photo- 
graph like  some  of  ours,  showing  an  arc  of  tilted 
clouds  bordering  one  side  of  a circular  clear  area. 
Black  (1978)  shows  two  arc  patterns  which  he 
associates  with  large  cumulus  clouds.  That  in 
his  Figs.  9 and  10  may  have  been  similar  to  the  arcs 
described  here.  The  arc  in  Black's  Fig.  11  is  ap- 
parently merely  a border  between  a tiny  cumulus 
regime  and  clear  air,  a case  different  from  the  active 
arcs  of  day  251.  It  is  interesting  that  Black  writes: 
“Sometimes  adjacent  cumulus  cloud  arc  lines  inter- 
sect; this  produces  very  strong  ascending  motions 
and  generates  a new  cumulonimbus  cloud  system, 
which  starts  the  whole  process  over  again.  ' Sec- 
tion 5 provides  documentation  of  a scale-interac- 
tion process  reminiscent  of  this. 

Lease  and  Matthews  (1978)  document  a conti- 
nental cloud  arc  with  coordinated  satellite  and  air- 
craft measurements.  Their  observations  seem  like 
ours.  They  interpret  them  in  terms'  of  continued 
influence  of  downdraft  air  following  deep  con- 
vection, rather  than  in  terms  of  a self-sustaining 
disturbance.  The  extensive  tropical  downdraft 
documented  by  Zipser  ( 1969)  persisted  as  a density 
current  until  0710  LT  1 April  l%7.  but  may  have 
yielded  a self-sustaining  arc  of  clouds  by  1330. 
judging  by  the  aircraft  data  and  satellite  photo- 
graphs respectively . 

Yonder  Haar  et  al.  (1968)  have  found  many 
rings  of  clouds  in  the  tropics,  of  inside  diameter 
roughly  60  km,  containing  both  shallow  and  deep 
convection,  and  lasting  on  the  order  of  10  h.  These 
were  usually  associated  with  less  recognizably 
organized  clouds,  A complete  ring  was  found  also  in 
this  work  (Fig.  8,  1305-1405  GMT).  It  moved  at 
the  same  velocity  as  other  moist  layer  formations. 
Other  rings  may  be  perceived  in  Fig.  10. 

10.  Conclusions 

The  analyses  suggest  that  the  moist  layer  on  day 
261  was  dominated  by  features  of  honzontal  di- 
mension roughly  40  km  and  lifetime  roughly  2 h. 
We  infer  that  arc  patterns  were  triggered  by  dense 
downdraft  air  accompanying  rainfall.  Bearing  the 
pattern  of  the  initial  forcing,  the  arcs  persisted.  Ap- 


parently they  were  driven  by  constantly  renewed 
convection,  which  refreshed  the  original  density  cur- 
rent at  the  surface.  Downdrafts  of  convective 
scale  were  shown  by  vertical  air  motions  measured 
by  the  aircraft,  and  suggested  by  short-lived 
variations  of  horizontal  wind  near  and  below  cloud 
base,  by  vertical  changes  of  wind  and  by  the  ap- 
pearance of  the  clouds.  Downdrafts  on  the  meso- 
scale  behind  the  arcs  were  suggested  by  clear 
skies,  stable  stratification  and  a reduction  of  wind 
speed  at  537  and  1067  m behind  the  arc  shown  in 
Fig.  6c.  The  self-perpetuating  arcs  of  the  moist 
layer,  with  downdrafts  on  both  the  cloud  and  meso- 
scale,  seem  similar  to  the  self-perpetuating  squall 
lines  of  the  troposphere,  with  downdrafts  on  both 
the  cloud  and  mesoscale  (Zipser,  1977).  The  moist- 
layer  convection  appears  tO'  have  had  a pri- 
mary role  in  stirring  the  layer.  Processes  driven 
from  the  surface  appear  to  have  dominated  the 
lowest  500  m;  heat  transpon  further  upward  appears 
to  have  been  accomplished  largely  by  the  arcs — and 
patterns  of  deeper  clouds.  The  presence  both  of 
horizontal  convergence  at  the  surface  of  2 x 10"^  s*' 
(Jalickee  and  Ropelewski.  1979)  and  a mixed  layer 
capped  by  a stable  layer  (Figs.  2 and  14)  may  be 
reconciled  in  terms  of  net  upward  fluxes  in  clouds 
and  subsidence  in  mesoscale  clear  areas. 

Triggered  by  precipitation,  the  arcs  in  turn 
yielded  new  centers  of  rain.  When  the  latter 
appeared,  they  locally  dominated  the  low  levels. 
Thus  there  was  interaction  between  convection  on 
the  vertical  scale  of  the  moist  layer  with  convec- 
tion on  a scale  of  roughly  6 km.  While  the  arcs  of  the 
moist  layer  were  a component  of  the  forcing  of 
showering  clouds,  probably  the  number  density  of 
the  latter  was  controlled  not  by  the  arcs,  but  by 
overall  conditions  of  the  mid-troposphere. 
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Cirrus  plumes  have  been  known  to  extend  long 
distances  ahead  of  storms.  The  case  of  23  August 
1978  is  noteworthy  because  a long  cirrus  plume,  as 
detected  by  the  COES  E satellite,  made  a sharp 
anticyclonic  turn  and  travelled  a total  distance  of 
2^  km  from  the  generating  thunder-storm,  as 
determined  from  satellite  imagery. 

The  surface  map  for  1800  GMl',  23  August  1978 
(Fig.  1)  shows  an  open  wave  over  South  Dakota  with 


an  east-west  warm  front  extending  to  Lake  Huron. 
Showers  and  thunderstorm  covered  a large  area 
from  Minnesota  across  Lake  Michigan  into  Ontario. 
The  200  mb  maps  for  0000  GMT  24  August  (Fig.  2) 
showed  a ridge  centered  over  the  Great  Lakes 
with  the  wind  flow  curving  anticyclonically  to  New 
England  and  then  toward  the  southwest  over  the 
Atlantic  due  to  a sharp  trough  off  the  coast.  Wind 
speeds  ranged  from  a^ut  50  to  70  kt.  The  rawin- 
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Fio  2.  200  mb  irip  0000  CMT  2*  Aufuil  1971. 


sondeal  l200GMTforFlint.  Michigan,  in  the  thunder-  extended  from  the  storm  area  cuiVing  toward  the 
storm  region  shows  the  tropopause  to  be  at  200  mb.  southeast  over  Maine  and  to  the  south  and  southwest 

The  GOES  E image  for  1430  GMT  (Fig.  3)  showed  oflf  the  Atlantic  Coast  with  the  tip  visible  about 
two  cirrus  plumes  extending  from  the  storm  area  300  km  ENE  of  Cape  Hatteras.  The  infrared  imagery 
over  the  Great  Lakes  into  New  York  and  then  for  19(X)  GMT  (Fig.  5)  showed  a similar  pattern, 
curving  sharply  southward  over  New  England.  Five  The  minimum  equivalent  blackbody  temperature 
hours  later  at  1930  GMT  iFig.  4)  a single  plume  (7f)  of  the  clouds  in  the  active  thundenlorms  over 
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northern  Michigan  was  about  214  K.  This  tempera- 
ture corresponds  to  a height  of  about  12.5  km  (just 
above  the  200  mb  level).  It  may  be  expected  that 
the  citrus  plume  would  be  at  about  the  same  alti- 
tude. However,  because  of  the  lower  emissivity  of 
the  cirrus  plume  the  observed  7^  was  considerably 
higher.  In  a relatively  dense  portion  of  the  cirrus 
off  the  Massachusetts  coast  7g  was  226  K.  Assuming 
an  emissivity  of  unity  for  the  thunderstorm  cloud 
top,  the  emissivity  of  the  dense  portion  is  0.74. 

The  speed  of  movement  of  the  leading  edge  of  a 
cirrus  plume  is  not  necessarily  equal  to  the  wind 
speed  because  of  evaporation  of  the  ice  particles. 
During  the  5 h period  from  1430  :o  1930  GMT  (Figs. 
3 and  4)  the  leading  edge  moved  a distance  of 


about  550  km,  giving  a speed  of  30  m s"‘.  This  is  in 
good  agreement  with  the  200  mb  winds  from  New 
England  to  the  Middle  Atlantic  states.  This  may 
indicate  that  cirrus  evaporation  may  not  have  been 
too  important. 

The  open  wave  over  South  Dakota  is  outlined  by  a 
thin  band  of  clcud  in  the  visible  imagery  at  1930 
(Fig.  4).  The  infrared  imagery  at  1900  (Fig.  5)  shows 
that  these  clouds  were  rehtivdy  warm  and  at  rela- 
tively low  elevations.  The  cold  air  to  the  north  of 
the  front  was  relatively  shallow  in  this  region.  Fur- 
ther to  the  east  over  Michigan  the  temperature  con- 
trast across  the  front  was  greater  and  the  cold  air 
deeper  and  there  was  considerable  overrunning  and 
active  convection. 
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RAIN  OBSERVATIONS  IN  TROPICAL  STORM  CORA 
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Passive  miacwave  observations  were  made  in  tropical  storm  Cora  at 
I9.3S  and  94GHz.  These  observations  suagest  that  94GHz  u ap- 
propriate for  mapping  the  extent  of  rain  over  either  land  or  ocean 
backgrounds  and  that  some  rainfall  intensity  measurement  is  also 
possible. 
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ShipbOArd  mmurtmcnu  of  «tmo>phtric  "^n.  CO,  and  CH,  and  ordissoivtd  CO  m surface  waters 
have  been  carried  out  in  the  equatorial  Pacific  on  a cruise  from  Ecuador  to  Hawaii.  Tahiti  and  Panama  in 
March  and  Apnl  of  I9’4.  and  dunng  transit  from  Los  Angjles  to  Antarctica  in  November  and  December 
of  1972.  Trace  (as  results,  combined  with  conventional  meieorolO|ical  data  end  with  satellite  imayes  from 
.Nimbus  S and  the  defense  meieorolo|ical  satellite  project  (DMSP).  have  provided  descriptions  of  the 
intertropical  conver|ence  tones  (ITC2)  near  0**N,  I0I*'A  and  03*N.  I54*\»i  m .March  of  1974,  near 
04’N.  S6*W  in  April  of  1974,  and  near  05’N.  139*W  m November  of  197:.  In  all  cases  ihelTCZ  seems  to 
be  located  north  of  the  south  equaional  current  (SEC)  at  shown  by  dissolved  CO  peaks  in  surface  waters 
In  April  of  1974  a 'second'  ITC2  was  observed  near  01  *S.  I02*\V  just  south  of  the  SEC  A stationary 
from  near  Hawaii  (M*N,  I47*W)  m .March  of  1974  was  investigated.  The  ITCZ  was  marked  by  light 
shifting  winds  near  a tone  of  heavy  cloud  cover  and  precipitation  In  the  eastern  Tropical  Pacific 
atmospheric  "*Rn  increases  distinctly  north  of  the  ITCZ  and  thus  serves  at  an  indicator  for  the  ITCZ  CO 
and  CH,  do  not  always  increaK  coincident  with  atmospheric  "*Rn,  The  atmospheric  features  of  the 
stationary  front  near  Hawaii  are  m many  ways  similar  to  thoM  obsarved  for  the  ITCZ  The  front  is 
marked  by  cloud  cover,  precipitation  aont  and  light  shifting  winds  "*Rn.  CO  and  CH.  increase 
significantly  behind  the  front  m tuSiding  air  which  was  traced  back  to  the  Asian  continent  The  variation 
of  atmospheric  '"Rn,  CO  and  CH,  with  time  and  geographical  area  over  the  equatorial  Pacific  seems  to  be 
a consequence  of  seasonal  variations  of  the  trade  wind  field  and  long  range  transport  to  the  central  Pacific 


from  Asia  and  to  the  eastern  equatorial  Pacific  from 
I.STROOCCTICV 

In  the  tropical  Pacific  important  interactions  between  the 
atmosphere  and  ocean  occur,  which  may  greatly  influence 
large-scale  weather  and  climate  Because  of  the  importance  of 
the  tropical  Pacific  .‘'yr  the  global  environment,  increased  at- 
tention has  been  given  recently  to  investigating  the  interaction 
of  the  tradewind  fields  with  the  equatorial  current  systems 
ISamaa.  197'a],  for  the  purpose  of  forecasting  El  Niflo  off  the 
coast  of  South  America  because  of  its  economic  implications 
(M'triiki.  I97'a:  Barnett.  197''b;  Ib'y-rtki  et  ai . 1976|  and  to 
understanding  the  relationship  between  atmospheric  carbon 
dioxide  and  Pacific  sea  surface  temperature  as  an  indicator  of 
air  sea  interaction  processes  [.\'t%ell  and  Harare.  1977].  Ex- 
amples  of  satellite  studies  are  the  recognition  of  long  waves  at 
4 sea  surface  temperature  front  in  the  tropical  Pacific  [Le- 
frekis.  19").  the  global  mapping  of  atmospheric  temperature 
profiles  and  the  distribution  of  water  vapor  and  liquid  water 
over  the  oceans  [Siae/in  rt  al . |977|;  the  observation  oi rnoiOi- 
cale  eddy  dynamics  in  the  eastern  tropical  Pacific  [Stumpt  and 
Legeykis  19''].  and  the  analysis  of  advection  m the  Peru 
Current  (»  irni.  I9'7bj  This  paper  is  an  attempt  to  correlate 
a number  of  parameters  measured  from  a ship  with  satellite 
images.  It  is  not  meant  to  be  all  inclusive  but  rather  to  serve  as 
a stimulant  to  other  researchers  in  this  area.  We  repon  here 
.measurements  of  the  trace  gases  radon  (**’Rn,  a naturally 
occurnng  radioactive  gas.  ^ ■ 3 3 days),  carbon  monoxide 

{CO.  of  anthropogenic  and  natural  origin),  and  methane 
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(CH„  largely  of  natural  origin)  in  the  atmosphere  of  the 
tropical  Pacific.  Dissolved  CO  determinations  in  Pacific  sur- 
face waters  are  included.  The  measurement  of  CO  a."d  CH. 
marine  environment  background  levels  is  important  to  under- 
standing the  global  CO  cycle  in  the  biosphere  of  the  oceans 
and  continents  [Ltnnenbom  et  ai . 1^1}.  Seiler  and  Giehl.  1977]_ 
the  impact  of  anthropogenic  CO  emissions  upon  the  natural 
cycle  [5re.  1977]  associated  changes  in  the  tropospheric 
trace  gas  budgets  [Cruiren  and  Fishman.  19").  and  the  pos- 
sible impact  on  global  climate  [H’'dny  et  al . 19'6j 
The  analytical  techniques  for  the  determination  of  CO,  CH, 
and  *"Rn  are  very  sensitive,  and  have  good  precision  and 
accuracy  which  allow  use  of  these  gases  as  atmospheric  tracers 
CO  can  serve  well  to  distinguish  between  air  of  marine  (0  03- 
0.  lO  ppm  CO)  or  continental  origin,  especially  with  anthropo- 
genic influence  (0  lO-l  ppm!  [H'lMmsa  et  19'5|  '"Rn  IS  an 
excellent  tracer  for  continental  air  over  remote  ocean  areas, 
because  *“Rn  originates  almost  exclusively  from  the  conti- 
nents. where  atmospheric  radon  levels  can  reach  several  hun- 
dred pCi  m while  the  ocean  is  a very  weak  source  of  "’Rn, 
and  marine  atmospheric  background  levels  may  be  1 pCi 
m ’ or  less  [ib'ilkniss  et  al . 1974.  19'5,  th.tkening  and  Cle- 
ments. 197J),  CH,  can  serve  as  an  indicator  of  she  ITCZ 
because  of  its  hemispheric  differences 
Tiace  gas  results  of  three  mierhemispheric  crossings  m 
March  and  April  19'4  during  a cruise  from  Ecuador  to  Ha- 
waii, Tahiti  and  Panama  are  reporieu.  along  with  November 
1972  results  obtained  on  a cruise  from  Los  Angeles  to  the 
Antarctic  The  19'4  results  nclude  analysis  ot  a tromai  wstem 
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■nd  associated  atmospheric  trace  gu  levels  near  Hawaii. 
Weather  satellite  images  and  conventional  meteorological 
analyses  were  used  to  relate  trace  gas  levels  to  atmospheric 
phenomena.  Dissolved  CO  measurements  and  sea  surface  tem- 
peratures were  used  to  delineate  equatorial  currents. 

ExPCaiMENTAL 

Radon  C"Rn;  was  determined  in  air  samples  through  radio- 
activity measurements  as  described  by  Larson  [1973].  CO  and 
CH«  were  determined  in  air  and  water  samples  by  gas  chroma- 
tography according  to  S*nnntnon  *t  at.  [1968]  and  Swinnerton 
and  Limtnbom  [1967).  The  cruise  track  of  USNS  Hayes  in 


Fig.  2.  Tract  (as  and  metcorolofical  dau  dunn(  transit  oi  ITCZ  m 
March  1974 


1972  and  part  of  the  USCCS  Glacier  1972  track  are  shown  in 
Figure  I.  Meteorological  observations  taken  during  the  Hayes 
teg  from  Guayaquil,  Ecuador  to  Hawaii  in  March  19'4  were 
analyred  with  the  aid  of  Nimbus  S satellite  images  and  conven- 
tional weather  maps  from  the  National  Meteorological  Cen- 
ter. The  Nimbus  3 electrically  scanning  microwave  radiometer 
(ESMR)  depicts  oceanic  precipitation  areas  [tVitheii  ei  at.. 
1976;  Kiddtrand  ('on  dtr  Hoar.  1977]  and  was  used  to  locate 
the  intertropical  convergence  zone  (ITCZ)  and  a frontal  zone. 
The  Nimbus  S 6.7-^m  temperature  humidity  infrared  radiom- 
eter (THIR)  images  were  useful  in  analyzing  tropospheric 
dynamics  near  a frontal  zone  [Rogers  el  al  . 1976].  Throughout 
the  1974  Hayes  cruise,  daily  images  (visible  and  infrared)  were 
obtained  from  the  U.S.  Air  Force  defense  meteorological  sat- 
ellite project  (OMSP). 

Results  and  Discussion 

Ecuador  to  Hawaii.  March  1974.  ITCZ  near04"S:  102“  ^ 

A sharp  rise  to  high  “Rn  levels  ’zrch  6,  I2(X)  GMT 
(Figure  2).  implies  the  arrival  of  cor.  air.  because  "Rn 

originates  almost  exclusively  from  in  ontments  while  the 
ocean  surface  is  only  aweak  (I '%) source  [*♦'..'*. /««  er  j/.,  1974. 
1975:  wakening  and  Clements.  1975].  No  significant  changes 
of  atmospheric  CO  and  CH«  coincide  with  the  ’’’Rn  peak, 
which  suggests  a continental  source  lacking  in  vegetation  and 
industrial  activity,  The  increase  in  “Rn  at  04“N.  accompanied 
by  a local  wind  shift  from  S and  W to  NW  on  .March  5 (GMT) 
and  to  N and  finally  persistently  NE  on  the  morning  of  March 
6 (GMT)  indicates  the  location  of  the  ITCZ  at  this  latitude. 
The  DMSP  visible  image  taken  at  1337  CMT  on  .March  6 
shows  ;he  northern  edge  of  the  maximum  cloudiness  zone 
(MCZ)  [Sadler  et  al..  1976]  at  about  04°N.  consistent  with 
cloud  cover  observations  aboard  Hayes  (Figure  2)  Two 
ESM  R images  taken  early  on  March  7 (Figure  3)  clearly  depict 
the  location  '^f  the  ITCZ  by  a band  of  precipitation.  Radon 
increased  after  the  ram  stopped  on  March  6.  The  location  of 
Hayes  south  and  north  of  the  ITCZ  and  surface  trajectories 
derived  from  conventional  meteorological  anaivses  ( Figure  6 ) 
have  beei"  nenmposed  on  the  ESMR  image  in  Figure  3. 
Figure  6 snows  that  southeast  trade  winds  from  the  southern 
hemisphere,  originating  near  the  coast  of  South  .America. 
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dominated  the  fto<*  south  of  the  ITCZ.  North  of  the  ITCZ 
northeasterly  trades  originating  over  southern  Mexico  account 
for  the  elevated  "Rn.  CO  and  CH.  exhibit  similar  behavior  on 
both  sides  of  the  ITCZ.  Dissolved  CO  levels  in  surface  sea 
water  [Jwin/irrion  ei  ai.  1976]  (Figure  2)  show  a clear  maxi- 
mum, and  the  peak  coincides  with  the  westerly  flowing  south 
equatorial  current  (SEC)  as  shown  by  Swmnerton  ei  al  (1976). 
The  coldest  surface  water  temperature  was  observed  at  the 
same  location  as  the  dissolved  (TO  peak  (Figure  2).  The  ITCZ 
is  located  near  the  northern  boundary  of  the  SEC.  This  is 
consistent  with  earlier  observations  which  relate  the  ITCZ 
location  to  the  equatorial  current  system  [H^ynki  ti  al..  1976; 
it'yriki.  1974;  Tsuchiya.  1974).  The  location  of  the  ITCZ  ap- 
pears to  be  between  the  boundary  of  the  colder  SEC  and  the 
warmer  north  equatonal  current  (NEC)  is  also  apparent  from 
the  sea  surface  temperature.  The  north  equatonal  counter 
current  (NECC)  is  probably  not  developed  at  this  time  of  the 
year  when  the  ITCZ  is  at  its  southernmost  location  [Wynki. 
1974;  Tsuchiya.  1974) 

TahiU  10  Panama.  Apnl  1974.  ITCZ ntar04*S:  86*  I*'  ’ 

Results  obtained  on  the  Hayes  leg  from  Tahiti  to  Panama  in 
April  1974  near  the  equator  are  shown  in  Figure  4.  Radon 
increases  distinctly  in  two  steps.  On  .April  13  and  14  the  “Rn 
rises  from  South  Paciflc  oceanic  background  levels  to  about  6 


pCi  m*'  indicative  of  continental  influence.  CO  increases  to  an 
average  of  about  0.12  ppm  which  is  more  than  double  the 
previously  prevailing  southern  hemisphere  oceanic  back- 
ground levels.  CH,  also  increase  significantly  from  an  average 
of  about  1.33  ppm  to  an  average  of  about  1.43  ppm.  The 
second  sharp  ’”Rn  peak  on  Apnl  17  indicates  substantial 
continental  influence  but  CO  and  CH,  remain  unchanged.  At 
0000  GMT  on  April  14  the  local  winds  measured  aboard  ship 
changed  from  persistently  ESE  to  persistently  ENE.  indicating 
a probable  area  of  horizontal  convergence  near  l*S  102* W. 
On  the  afternoon  of  April  I S and  throughout  Apnl  16  the  local 
atmosphere  wu  almost  calm.  Light  airs  encountered  at  OOOO 
GMT  on  April  17  changed  from  ESE  to  ENE  and  NE.  in- 
dicating another  probable  horizontal  convergence  at  3*N 
86*W. 

DMSP  images  on  .April  S.  6.  7.  and  from  13  through  17 
show  two  distinct  maximum  cloudiness  zones  (MCZ's)  [Sadler 
ei  al..  1976]  at  about  S*S  and  S*N  of  the  equator  with  a zone 
of  low  cloudiness  extending  between  the  MCZ's  from  the  coast 
of  South  Amencan  to  about  I I0*W  along  the  equator  This  is 
also  evident  m the  0500  GMT  March  7 ESMR  image  (Figure 
3).  The  cloud  band  at  S*S  has  been  previously  observed  in 
January  through  March  satellit*.  averages  [Anderson  ei  al.. 
1974).  Its  strength  seems  to  v,ty  and  at  times  it  does  not 
develop  at  all  [Andenon  ei  a!  . 1974).  The  typical  features  are 
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Satelliie  microwtv*  jaia  for  March  ' I9*a  Oartness  over  ocean  areas  is  proportional  to  iiuuid  waier  comeni. 
and  '.he  location  of  the  ITCZ  is  shown  sy  the  one  of  ram 
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Fig.  4 Trace  gai  and  meteorological  data  m the  equaional  area  m 
April  I9'4 


shown  in  the  DMSP  image  (visible)  taken  on  Apnl  17  at  1 748 
GMT,  with  the  location  of  Hayes  at  about  S*N  86*W  marked 
(Figure  3).  "Rn,  local  wind,  cloud  cover  observations  aboard 
ship,  and  the  DMSP  image  sho**.  the  location  of  the  ITCZ 
between  4*  and  5*N  at  86*W  a . the  northern  edge  of  the  MC2 
in  this  area.  ”Rn.  CO,  and  CH,  inrreases  on  April  13  and  14 
occur  at  the  northern  edge  of  the  southern  MCZ  at  about  2*S 
I04*W  (Figure  5)  just  before  entenng  the  low  cloudiness  zone 
which  is  verified  by  ship  observations  (Figure  4).  The  ITCZ 
north  of  the  equator  at  4-S*N,  86*W  is  located  north  of  the 
SEC  u indicated  by  the  dissolved  CO  values  in  Figure  4 
(5wm/»erron  ei  at..  1976)  and  also  found  in  the  March  1974 
data  (Figure  2).  The  CO  peak  in  the  SEC  is  better  documented 
in  the  April  data  and  coincides  with  the  coldest  sea  surface 
temperatures  and  cloud  free  skies  (Figures  4 and  3).  The  fint 
"Rn  rise  and  the  atmospheric  CO  and  CH4  increases  occur  at 
the  southern  dissolved  CO  peak  flank,  where  sea  surface  tem- 
peratures decrease  to  their  lowest  observed  levels  probably 
indicating  the  most  pronounced  portion  of  the  SEC  and  input 
from  the  Peru  Current  [Wynki.  19631.  ■*  tempting  to  attrib- 

ute the  significant  atmosphenc  CO  increase  to  emanation  of 
the  gas  from  the  SEC  with  its  greatly  supersaturated  CO  levels. 
It  must  be  cautioned,  however,  that  such  oceanic  super- 
saturation  IS  not  necessarily  accompanied  by  enhancement  of 
CO  in  the  overlying  air.  For  example.  Figure  2 shows  also  a 
substantial  peak  of  dissolved  CO  in  the  SEC  with  no  apparent 
effect  on  the  atmosphenc  CO  level.  While  a contribution  of 
CO  from  the  ocean  surface  to  the  atmosphere  cannot  be  ex- 
cluded [Lmitenbom  rt  at..  1973),  it  seems  more  likely  the  CO  1$ 
mostly  advected  with  the  ”Rn  and  CH,  in  this  area.  .A'^no- 


F’l  1 Vitibic  Miclliie  image  ai  1 og  C.MT  on  April  17,  |97a.  Uiowmg  ihe  maximum  cloudincu  <one>  ai  apuui  5*S  am) 
.'•■v  of  '.he  ecuDlor  The  croii  -narxi  '.he  location  01  ihe  LSNS  Haves  at  J’N  sn’W 
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AW  MASS  TRAJECTOftICS  AND  SHIP  AND  SURFAa  FRONT  LOCATIONS 


*.  Skip  poiilioM  aad  kmm  mt  Maw  U^cctonn  tor  Cm  k(  of  cniitc  io  Maich  1*74.  ikomm  wilk  froMal  loeaiioa  M 1200  GMT  k4w«k  3, 
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Fig.  7.  AUnoiphtnc  tnct  gu  *nd  mcteorologiol  data  dunng  Iran- 
Ml  of  frontal  arta  wuUieasc  of  Hawaii  in  March  1974. 


spheric  *”Rn  and  CH.  increases  have  to  be  attributed  to  South 
America  as  a source.  In  comparing  the  March  and  April 
penetration  of  the  ITCZ  m this  area,  it  is  apparent  that  trace 
gu  levels  are  about  the  same  between  the  southerly  and  nor- 
therly MCZ.  Higher  “Rn  levels  m March  1974  just  north  of 
the  ITCZ  indicate  strong  flow  of  air  in  the  NE  trades  from 
southern  Mexico.  The  air  encountered  in  April  1974  most 
likely  originated  from  t^e  coutal  areu  of  South  and  Central 
America  in  the  vicinity  of  the  ITCZ.  Rain  wu  observed 
aboard  Hayu  on  April  13,  1974,  near  the  ITCZ  at  0900  GMT 
aAer  which  ’**Rn,  CO  and  CH,  increased  in  the  low  cloudiness 
zone.  The  next  rain  occurred  on  April  17  at  0300  GMT  after 
which  "'Rn  reached  the  highut  peak.  Similarly.  "Htn  had 
increased  after  passing  through  the  precipitation  zone  on 
March  J.  1974. 

Atmosphtnc  Front,  .\farcli  1974,  near  Hawaii  at  ^0*.V.  147*  tV 

As  the  ship  proceeded  on  course  toward  Hawaii  from  Cen- 
tral America,  it  came  more  and  more  under  the  influence  of 
marine  air.  At  OOOO  GMT  March  15.  1974,  as  seen  in  Figure  6, 
surface  trajectoriu  suggut  that  air  is  of  manne  ongin  which 
ruults  in  low  atmospheric  radon  readings  of  2.6  pCi  m'V 
However,  upon  crossing  the  uationary  front  at  about  20*N, 
the  ship  moved  into  a new  atmospheric  regime.  Surface  winds 
^ aboard  ship  shifted  from  SE  to  NE  and  the  atmosphenc  Ra- 

don increased  to  7.6  pCi  m*'  (Figure  7).  Surface  trajectoriu  at 


0000  GMT  March  16. 1974,  indicate  that  air  reaching  the  ship 
after  crossing  the  front  originated  from  an  area  of  subsiding 
air  of  - 1 to  -2  cm  s*‘  to  the  north  and  behind  the  front  as 
depicted  from  the  NMC  vertical  velocity  charts  for  12  GMT 
March  16,  1974.  Geostrophically  constructed  700  and  500 
mbar  trgjectoriu  suggut  that  air  subsiding  behind  the  front  at 
2S*N  latitude  originated  from  the  Asian  continent. 

Imagu  of  this  frontal  area  at  1100  GMT  March  15,  1974, 
from  the  ESMR  and  the  6.7  jim  THIR  sensor  on  board  Nim- 
bus 5 (Figure  8),  verify  subsidence  behind  the  front  depicted 
by  the  NMC  vertical  velocity  chart.  Since  subsiding  air  brings 
dryer  air  downward  from  aloft,  the  tropospheric  water  vapor 
content  decreasu  in  agreement  with  shipboard  observations 
(Figure  8).  The  ESMR  and  the  6.7  urn  THIR  sensor  are 
sensitive  to  atmospheric  water  vapor,  where  the  ESMR  sensor 
observu  the  integrated  atmospheric  water  vapor  as  well  as 
liquid  water  within  the  lower  troposphere  below  the  freezing 
level  et  a!..  1976],  and  the  6.7  iim  THIR  sensor  ob- 

servu the  water  vapor  in  cloud-free  regions  within  the  middle 
and  upper  troposphere  at  the  600-100  mbar  level  [Rodgers  et 
at..  1976).  Therefore,  these  sensors  can  be  used  to  identify  the 
regions  of  subsidence  and  consequent  drying.  As  can  be  seen  in 
Figure  8,  the  very  bright  areas  behind  the  front  in  the  ESMR 
image  depict  low  valuu  of  integrated  watei  vapor  in  the  tropo- 
sphere, while  the  dark  areas  behind  the  front  in  the  THIR 
image  depict  low  valuu  of  middle  and  upper  tropospheric 
water  vapor. 

The  comparison  of  shipboard  measurements  (Figure  7)  with 
the  meteorological  analysis  (Figures  6 and  8)  shows  good 
agreement.  On  the  morning  of  March  15  (GMT).  2 pCi  m*’ 
"•Rn  repruent  northern  hemisphere  marine  background  lev- 
els. At  0900  GMT  March  15.  "*Rn  begins  to  rise  sharply, 
eventually  to  1 2 pCi  m ' documenting  the  arrival  of  continen- 
tal air.  in  this  case  traced  to  Asia.  Radon  fluctuatu  markedly 
and  decreasu  but  remains  deflnitely  above  marine  air  back- 
ground levels  until  Hayu  reachu  Hawaii  on  March  17.  CO 
also  shows  a significant  increase  from  0.10  to  0.16  ppm  in  the 
subsiding  Asian  air  behind  the  stationary  front.  The  CO  in- 
crease follows  the  "*Rn  increase  by  about  12  hours,  most 
likely  reflecting  the  independent  sourcu  of  these  two  tiace 
gasu.  While  “Rn  is  fruhly  entrained  in  frontal  systems  over 
the  continent  from  rock  and  sou  emanations  [WUkmss  et  at.. 
1974],  CO  IS  not  subject  to  a short  half  life  as  is  "'Rn  and  is  of 
predominantly  anthropogenic  origin  in  the  northern  hemi- 
sphere and.  therefore,  onginatu  from  quite  a different  local 
source  and  accumulation  pattern.  CO  also  fluctuatu  and  de- 
creasu but  remains  higher  than  the  average  CO  before  the 
sutionary  front.  CH,  also  shows  increuu,  however  they  are 
less  well  defined  and  do  not  correlate  as  well  with  the  frontal 
system  as  CO  and  "*Rn  do. 

Rain  was  observed  on  the  ship  between  0700  and  1 500  GMT 
on  March  15  at  about  19*N.  145. 5’W.  marking  the  precipi- 
ution  zone  associated  with  the  front.  This  is  in  agreement  with 
the  ESMR  image  (Figure  3)  in  which  the  prxipitation  band  is 
delineated  by  the  dark  areas.  The  "*Rn  increased  to  its  highut 
level  just  after  the  ship  had  passed  the  precipitation  zone  and 
entered  an  area  of  decreasing  cloud  cover  (Figure  7).  consis- 
tent with  the  transport  of  "*Rn  m subsiding  air.  The  same 
observations  pertain  to  CO.  which  also  peaks  in  the  relatively 
cloud  free  zone.  The  trace  gu  data,  npecially  "*Rn.  and  the 
water  vapor  mixing  ratio,  local  wind  and  cloud  cover  observa- 
tions show  a complex  structure  ;n  this  southern,  diffuse  pan  of 
the  frontal  area,  m agreement  with  the  ESMR  and  THIR 
imagu  (Figure  3). 
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Hawaii  to  Tahiti,  March  1974.  ITCZ  near  OS'S,  154*  W;  and 
Los  Anftlts  to  Antarctica.  Soctn,^  ■ 1972,  UCZ  ntarOS'S, 
S9*W 

The  shipboard  measurements  near  the  equator  in  March 
1974  on  the  Hayes  leg  from  Hawaii  to  Tahiti  are  shown  in 
Figure  9.  Results  for  the  1972  November  Glacier  equator 
crouing  have  been  partially  replotted  from  Swmnerton  et  al. 
(1976]  and  tVilkniss  tt  oL  [1973]  in  Figure  10.  A DMSP  visible 
image  taken  on  March  28.  1974,  over  the  central  Pacific  is 
shown  in  Figure  II.  Figure  9 shows  that  "Rn,  CO  and  CH, 
gradually  decrease  from  the  northern  into  the  southern  hemi- 
sphere. These  values  reflect  the  low  background  levels  of 
northern  and  southern  hemisphere  manne  air  south  of  about 
I6*N.  Local  winds  shifted  from  E and  ENE  to  ESE-and  SE  at 
about  0400  GMT  on  March  26  indicating  the  location  of  the 
ITCZ  at  roughly  3*N,  I54*W.  Heavy  rain  occurred  at  0600 
GMT  on  March  26.  and  shower  activity  was  encountered  at 
1000  and  1400.  delineating  the  precipitation  zone  associated 
with  the  ITCZ.  This  precipitation  zone  coincides  with  the  only 
MCZ  obsened  north  of  the  equator  (Figures  9 and  II).  From 
the  dissolved  CO  data,  indicating  t.he  westward  flowing  SEC. 
and  the  sea  surface  temperatures,  the  ITCZ  at  0?*N.  I54*W  is 
located  north  of  the  SEC.  The  atmosphenc  CO  values  drop  to 
their  lowest  and  steadiest  level  at  about  the  location  of  the 


dissolved  CO  peak  in  the  water  The  results  do  not  show  the 
SEC  to  be  a measurable  source  of  CO  in  the  atmosphere. 

Some  of  the  results  of  the  Hayes  cruise  in  the  central  Pacific 
in  March  1974  are  in  striking  contrast  to  those  obtained  in 
November  1972  aboard  Glacier  about  I0(X)  km  to  the  east 
(Figure  I).  In  November  of  1972  the  ITCZ  was  located  at 
05*N.  I39*W  as  indicated  by  the  local  winds  which  blew 
steadily  from  the  NE  before  2100  G.VIT  on  November  22.  and 
then  steadily  from  theSE  after  2200  GMT  (Figure  10).  Periods 
of  calm  winds  were  recorded  at  1400  and  2000  GMT,  and  light 
airs  from  SW-S  were  observed  at  1600  and  1800  hours.  The 
.MCZ  extended  from  about  ll*N  to  5*N.  the  precipitation 
zone  reached  from  about  I0*N  to  5*N.  After  decreasing.  *”Rn 
and  CO  attained  southern  hemisphere  marine  background 
levels  at  the  ITCZ,  as  did  CH,.  Especially  *”Rn  was  much 
higher  north  of  the  ITCZ  than  in  1974,  and  CO  was  also 
elevated  in  atmospheric  samples  in  the  northern  hemisphere. 
The  dissolved  CO  peak  e.xhibits  a greater  maximum  in  this 
area  [Swinnerton  tt  al-.  1976).  The  ITCZ  is  north  of  the  SEC  as 
in  all  other  cases.  Again  from  Figure  10  the  SEC  has  no 
apparent  eflect  on  the  atmospheric  CO  levels  which  drop  to 
their  lowest  values  at  the  SEC.  In  1972,  ™Rn  increases  to 
pronounced  continental  levels  just  north  of  the  ITCZ.  and 
CH,  exhibits  typical  northern  and  southern  hemisphere  back- 
ground levels  north  and  south  of  the  ITCZ. 


ESMR  IMAGE 


NIMBUS-5 


THIR  6.7um  IMAGE 


1100  GMT  15  MARCH  1974 

F | 1 Nimeus  5 iiteilne  iwiies  ii  1 100  GMT  March  15.  I9'a  Ram  a»iociacea  «.ih  ITCZ.  ;oiJ  jna  aeciuOea  iroms 
are  'cveaicd  in  ihc  ESMR  in-a|c  on  ihe  cit.  while  ctovd  cover  and  :he  drv  air  aenmd  .he  ironi  are  mown  m ihe  s * .,m 
mige  on  the  left  Frontal  lines  and  air  -nass  traicc.ones  are  luperintposed  on  the  >mjfes 
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In  considering  the  differences  between  the  1972  and  1974 
results  in  the  central  equatorial  Pacific,  we  neglect  the  1000  km 
difference  m equator  crossings  as  a major  factor  in  this  area, 
where  the  east-west  estension  of  the  Pacific  from  Central 
America  to  Southeast  Asia  is  about  17,000  km.  Rather  the 
observed  differences  probably  result  from  a combination  of 
several  factors.  The  most  likely  explanation  lies  in  the  seasonal 
variations  of  the  trade  winds  systems  and  the  location  of  the 
ITCZ  [iVyriki.  1965,  1974;  Tsuchiya.  1974].  in  March  1974,  5- 
10  kn  winds  from  E and  ENE  gradually  changed  to  S-IO  kn 
from  ESE  and  SE  winds  at  the  ITCZ.  no  wind  minimum  was 
observed.  In  November  1972,  15-25  kn  winds  from  ENE  and 
NE  prevailed  from  20*N  to  6’N,  a wind  minimum  was  ob- 
served at  5“N  at  the  ITCZ,  while  10-15  kn  winds  from  the  SE 
occurred  between  04* N and  02*S. 

In  the  late  March  1974  crossing  the  ITCZ  was  at  a south- 
ernmost location  at  03*N  and  not  very  strongly  developed  as 
seen  from  ship  observations  and  satellite  photos  (Figures  9 and 
1 1 ).  Therefore,  a very  gradual  change  from  the  northern  to 
southern  hemisphere  is  observed.  In  November  of  1972  the 
ITCZ  was  at  a more  northerly  location,  and  strong  NE  and  SE 
trad'  wind  fields  existed,  separated  by  a wind  minimum  at  the 
ITCZ.  A strong  MCZ  was  observed  north  of  the  ITCZ.  Thus  a 
better  defined  atmospheric  boundary  existrl  between  the 
northern  and  southern  hemispheres  which  is  reflected  and 
delineated  in  the  atmospheric  trace  gas  levels. 

in  companng  these  results  with  studies  of  the  trade  wind 
system  over  the  Pacific  from  long-term  observations  (1950- 
1972).  the  following  can  be  said.  .According  to  Bamtu  [ 197'aj 
and  iVyriki  [1974]  the  NE  trades  .ire  strongest  m the  first  half 
of  the  year  and  weaker  m the  second  half  of  the  year.  The 
southeast  trades  in  the  southern  hemisphere  show  a reversed 
behavior  being  strong  :n  the  second  half  of  the  year  and  weak 


in  the  first  half.  While  the  present  results  (Figures  9 and  10) 
agree  with  prior  observations  (5arnetr.  1977a;  fVyrtki.  1974]  as 
far  as  the  SE  trades  are  concerned,  they  do  not  agree  for  the 
NE  trades,  which  were  much  stronger  in  November  of  1972 
than  m March  of  1974.  This  may  be  a consequence  of  short 
term  fluctuations  ,n  the  trade  wind  systems  or  of  local  distur- 
bances which  are  not  reflected  in  the  20-year  averages  of 
Barntti  (1977ai  and  Wynki  [1974].  It  is  mterestirg  to  note  that 
1972  was  an  *El  Niflo'  year  with  November  1972  near  the 
minimum  in  the  southern  oscillation  inde.i  (SOI),  while  March 
1974  measurements  occurred  near  a ma.Mmum  of  the  SOI 
[Wyriki.  1976].  This  situation  which  influences  the  trade  wmd 
system  considerably  [IVrfiki.  If’b)  may  have  affected  our 
results. 

SUMMAaV  A.NOCONCLLSIONS 

Shipboard  measurements  of  atmospheric  “’Rn.  CO.  and 
CH,  and  of  dissolved  CO  in  surface  waters  have  been  carried 
out  in  the  equatorial  Pacific.  Variations  m the  ”’Rn  and  CO 
levels  with  time  and  geographical  area  exceed  by  far  the  ana- 
lytical error  limits.  “Rn  and  CO  can  serve  as  tracers  for 
atmospheric  phenomena  and  help  to  delineate  equatorial 
ocean  currents. 

Trace  gas  measurements  and  standard  meteorological  ob- 
servations aboard  ship  in  combination  with  weather  satelliie 
images  from  Nimbus  5 and  the  defense  meteorological  satellite 
project,  and  with  conventional  meteorological  charts,  make  n 
possible  to  study  small  and  mesoscaie  atmospheric  phenomena 
over  the  Pacific  and  to  relate  them  to  air  mass  movements. 

This  combination  of  methods  enable  investigations  of  the 
ITCZ  and  of  frontal  zones  over  the  Pacific.  The  potential  of 
this  approach  could  be  : wither  enhanced  by  using  direct  satel- 
lite readout  aboard  ship  by  targeting'  measurements  and  ob- 


Mrvttiont.  This  hu  not  bocn  tht  cut  in  th«  work  rtportcd 
here  and,  therefore,  valuable  opportunities  to  collect  pertinent 
dau  probably  have  gone  unnoticed. 

Some  general  observations  about  the  ITCZ  and  the  frontal 
zone  near  Hawaii  include  the  following: 

1.  The  ITCZ  is  marked  by  light,  shifting  winds  near  an 
area  of  heavy  cloud  cover  (maximum  cloudiness  tone  (MCZ)) 
and  precipitation,  and  appear  to  be  located  north  of  the  south 
equatorial  current  (SEC). 

2.  A 'second'  ITCZ  with  the  same  atmospheric  features 
wu  encountered  just  north  of  the  SEC  in  the  southern  hemi* 
sphere  in  April  1974. 

3.  Atmospheric  "*Rn  increasa  north  of  the  ITCZ  and 
serves  u a sensitive  indicator  for  this  atmospheric  boundary. 
Increases  of  atmospheric  CO  and  CH,  do  not  always  accom* 
pany  those  of  "Htn.  Observed  increases  of  the  atmospheric 
trace  gases  occur  north  of  the  predpiution  zone  associated 
with  the  ITCZ  in  areas  of  clear  skies  or  limited  cloud  cover, 
indicating  transport  in  subsiding  air. 

4.  Observations  on  crossing  the  sutionary  front  near  Ha* 
waii  are  similar  to  those  made  at  the  ITCZ.  The  front  is 
marked  by  light  and  shifting  winds,  a heavy  cloud  cover  and 
precipitation  zone,  and  an  adjacent  area  of  greatly  rediKed 
cloudiness.  "Rn.  CO  and  CH,  increase  in  the  atmosphere 
behind  the  front  and  behind  the  predpiution  zone  in  sub* 
siding  air  and  under  reduced  doud  cover.  A complicated  at* 
mospheric  structure  at  the  southern,  diffuse  end  of  the  sution* 


ary  front  is  indicated  by  successive  peaks  in  the  atmospheric 
"*Rn  levels.  The  different  source  areas  of  "*Rn  and  CO  on  the 
Asian  continent  are  relloctad  in  the  delayed  increese  of  CO 
compared  to  "*Rn. 

Atffloephetie  ”*Rn,  CO  and,  to  a lesser  extent,  CH«  vary 
signiAcantly  with  time  and  geographical  area  over  the  PaciAc 
north  of  the  ITCZ.  This  teems  to  be  a consequence  of  the  long* 
range  transport  from  different  source  areu  where  transport 
and  level  depend  on  large*scale  etmotpheric  phenomena  which 
vary  seasonally,  i.e.  the  jet  stream  and  cyclonic  activity.  The 
transported  *"Rn  and  CO  from  the  Asian  continent  to  the 
central  PadAc  north  ol  the  ITCZ  in  latt  November  1972, 
compared  to  latt  March  1974,  and  also  in  the  strong  features 
of  the  ITCZ  in  1972  compared  to  a very  weak  ITCZ  in  1974 
illustraw  these  variations.  It  is  possible  that  the  difference  in 
the  southern  OMillation  index  (minimum  November  1972, 
maximum  March  1974)  hu  affected  conditions  in  the  central 
PaciAc  as  diKussed  earlier.  In  the  eutern  equatorial  PaciAc, 
north  of  the  ITCZ,  transport  and  levels  of  "‘Rn  and  CO  from 
North  and  Central  America  occurs  via  the  NE  trades  and  will 
vary  seasonally  with  the  strength  and  uteni  of  the  trade  wind 
Aeld.  The  big  differencu  in  the  "Hln  peaks  at  04*N  north  of 
the  ITCZ  in  the  euum  equatorial  PaciAc  in  March  and  April 
of  1974  may  reAact  either  enhanced  transport  in  the  NE  tradu 
from  Mexico  in  March,  compared  to  that  from  Central  Amer* 
ica  in  April  or  short*term  fluctuations  such  u the  possible 
inAuence  on  the  NE  tradu  by  'northers,'  strong  winds  from 
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the  Gtiif  of  Tehtumepec  [Siumpf  and  Ltgecku.  19T7).  These 
winds  are  caused  by  cold  air  outbreaks  driven  by  anticyclones 
onginaung  in  Canada  [S(umpf  and  Legrckit.  I97'’|.  The  cold 
air  penetrates  south  over  me  Isthmus  of  Tehuantepec  (south- 
ern Mexico)  and  out  over  the  equatorial  Pacific.  These  'north* 
wind  episodes  occur  10- IS  times  each  winter,  most  freqi'cntly 
from  November  throug.h  April  and  may  be  the  cause  of  signili- 
cant  atmospheric  trace  gas  liuciuaiions  over  the  eastern  equa- 
tonal  Pacific. 
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